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Abstract 
Unculturable microorganisms are a major challenge facing researchers in 
environmental microbiology, and Raman spectroscopy has emerged as a 
novel technique in this field as it is able to analyse single microbial cells 
without cultivation. It has been combined with stable isotope probing (SIP) 
to identify the ecological functions of unculturable microorganisms. 
However, Raman signal from microorganisms is usually weak and taking 
single-cell Raman spectra is timing consuming. The interpretation of 
microorganisms’ Raman spectra is also difficult due to their complexity. 
This thesis aims to improve Raman spectroscopic techniques for 
environmental microbiology research. Resonance Raman (RR) spectroscopy 
and surface enhanced Raman scattering (SERS) were employed to enhance 
single-cell Raman spectra. RR spectroscopy was combined with SIP to 
rapidly image natural photosynthetic microorganisms and reveal their CO2 
fixation activities at single-cell level. Single photosynthetic microorganisms 
with only 10 % difference in their 
13
C content can be rapidly differentiated 
using RR spectroscopy in a non-destructive manner. Two potentially 
suitable methods to synthesise SERS-active nanoparticles for labelling the 
surface of microorganisms were investigated. These two methods both 
labelled single microorganisms to a satisfactory level as shown by electron 
microscopy images, but more work is needed to study the resultant SERS 
spectra. A novel quantitative spectral marker, the thymine Raman band, was 
identified during the investigation of using Raman spectroscopy to track 
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carbon flow in a model food chain. This new spectral marker shows 
intriguingly different isotopic shift behaviour from the well documented 
phenylalanine Raman band. This difference was studied and brought to light 
a previously omitted aspect of Raman spectroscopy: the isotopic shift of 
Raman bands may reveal the biochemical pathways. With enhanced Raman 
signal, high-throughput Raman activated cell sorting (RACS) became 
possible and this thesis proves the concept that the combination of RR 
spectroscopy and microfluidic devices can rapidly profile photosynthetic 
microbial communities and potentially sort cells based on their in situ 
activities. This thesis also extended the Raman-SIP method to nitrogen and 
found that single-cell Raman spectra can quantify 
15
N-uptake in single 
bacterium using multivariate analysis. 
The studies included in this thesis revolve around the application of Raman 
spectroscopy in environmental microbiology. They strengthened and 
expanded the existing Raman-SIP method and opened the door to the 
development of important new techniques such as high-throughput RACS 
systems.  
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Chapter 1: Introduction 
 
1.1 Background 
Unculturable microorganisms, which account for about 99 % of organisms 
in microbial communities, have been an unsolved issue in environmental 
microbiology for decades [1-8]. These previously overlooked organisms 
also play vital roles in some human infection and diseases [9, 10]. The 
strong need for research tools that circumvent traditional cultivation steps 
led to the development of top-down methods such as metagenomics and 
bottom-up methods such as single-cell techniques. Raman spectroscopy, an 
important technique in bottom-up methods, has been used to analyse the 
identity, physiological status, phenotype and ecological function of single 
microbial cells (see below). This thesis focuses on the application Raman 
spectroscopy to characterise, image and potentially sort unculturable 
microbial single cells. These are the main areas where Raman spectroscopy 
may contribute to unculturable microorganism research, but there are still 
difficulties in the implementation. Novel techniques and results from this 
thesis may help resolve these difficulties and provide researchers powerful 
tools to study and understand unculturable microorganisms cell by cell. 
They may also serve as the stepping stones for a new generation of 
techniques to come. 
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1.1.1 Unculturable microorganisms and single-cell research 
Microbiological techniques based on the growth of microorganisms and 
bulk measurement of them provided scientists intriguing insights into the 
invisible microbial world. The knowledge of microorganisms also led to the 
development of many vital medicines and helped boost the modern 
biotechnology industry. However, our entire collection of isolated microbial 
species is just a tip of the iceberg. There is increasing evidence showing that 
less than 1% of microorganisms in natural and contaminated environments 
will grow in commonly used laboratory growth media [1-8]. A number of 
factors can contribute to the microorganisms’ inability to grow and divide in 
growth media, which include unsuitable concentration of compounds in the 
media, some species’ need for co-metabolism, disturbance to the signalling 
molecules and persister cells [11, 12]. There have been some studies to 
grow previously unculturable microorganisms with modified media and 
techniques [11], therefore ‘as-yet-cultivated microorganisms’ may be a 
more precise term for these microorganisms.  
Considering the extremely large number of microbial species and the 
difficulty in finding a growth technique for any of them, in order to gain an 
unbiased and global view of microbial communities, it is more appropriate 
and efficient to employ culture-independent methods to study environmental 
microorganisms.  
Some techniques derived from molecular biology are commonly used to 
study the microbial world without growing microorganisms. The existence 
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of the uncultured majority of microorganisms was, in fact, confirmed by the 
sequencing results of extracted microbial community DNA. The analysis of 
the collective genome sequence, i.e. metagenomics, is a good method to 
study unculturable microorganisms. Sequencing and analysing the 
combined genomes of a microbial community was made possible by the 
development of high-throughput DNA sequencing techniques [13]. 
Metagenomics has been used successfully in many different types of 
microbial communities to analyse different parts of genomes, such as the 
16S rRNA genes and functional genes; and it revealed the existence of 
previously unknown microbial species and genes, such as antibiotics 
resistance genes and pollutants degradation genes [14, 15]. Some novel 
biosynthetic products were discovered using metagenomics [16, 17]. One 
should note that DNA sequences, once ‘cut’ into short segments, may not be 
easily restored again, for example, a sequence cut into single base pairs 
cannot be restored due to the complete loss of information. A metagenome 
can be sequenced in segments and ‘stitched’ back into a statistically 
favoured result, with a level of uncertainty. Therefore, there are still some 
major challenges facing metagenomics techniques [13, 17, 18]: 1) the 
difficulty in reconstructing complete genomes from metagenome sequences 
due to the uncertainties; 2) despite its name, many metagenomics studies 
randomly sequence a small fraction of the whole metagenome, sequencing 
and analysing every DNA fragment of the whole community are still very 
difficult; 3) assembling short reads into longer ‘contigs’ is not error-proof 
because there may be more than one solution to assemble the segments 
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which may lead to errors during the reconstruction of the original 
community; 4) linking the ecological function to a species is still difficult 
because fractions of potential functional genes may be found in a 
metagenome but which taxonomic group they belong to may not be easily 
identifiable. ‘Targeted metagenomics’ have been employed by researchers 
to selectively reduce the size of DNA pool and produce more ‘concise’ 
sequencing results [19]. There are a number of ways to reduce the size of 
DNA pool; and using stable isotope probing (SIP) method before 
sequencing is one of the efficient routes leading to the targeted results that 
researchers are interested in [19]. Clearly, in these ‘targeted metagenomics’ 
methods, there is a need for sample selection and sample size reduction. 
Raman spectroscopy and the still-developing (Raman activated cell sorting) 
RACS system can analyse and sort single microbial cells, are therefore 
suitable for this purpose.  
However, Raman spectroscopy offers much more than just a preliminary 
screening tool for metagenomics or other molecular biology techniques. 
Single-cell Raman spectroscopy is now widely accessible to researchers 
thanks to commercially available confocal Raman microscopes. Raman 
spectra can serve as the signature or indicator of a single cell’s species, 
phenotypic features, physiological status, biochemical pathways (as shown 
in Chapter 5) and even as a quantitative marker for CO2 fixation [20-22]. 
Single-cell whole-genome amplification kits are commercially available. 
Therefore, a Raman activated cell sorting (RACS) system that characterises 
and isolates single cells may resolve many problems facing metagenomics 
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as described above. Since genetic materials of single cells are not mixed in a 
RACS system, ecological functions and functional genes can be linked to 
single cells’ taxonomic identities, providing a more definite and in-depth 
understanding of microbial communities. Raman spectroscopy is a unique 
bottom-up method targeting single cells who play ‘central roles’ in all 
ecosystems [11]. It combined several key features together: single-cell level 
resolution, non-destructive measurement and the ease of use.  
1.1.2 Raman spectroscopy, Raman red-shift, resonance Raman 
spectroscopy and surface enhanced Raman scattering 
Vibrational spectroscopy provides information on the chemical composition 
and molecular structure of a sample. Many vibrational spectroscopic 
techniques are non-invasive and capable of imaging live cells [23]. They are 
widely used in life science [20, 24, 25]. Commonly used vibrational 
spectroscopic techniques can be usually categorised into two groups: 
infrared spectroscopy and Raman spectroscopy. Infrared spectroscopy 
measures the absorption of a broad-band infrared light by the sample; whilst 
Raman spectroscopy measures the inelastically scattered laser light by the 
sample.  
Physicist Chandrasekhara Venkata Raman was one of the scientists who 
experimentally proved the existence of the predicted inelastic scattering of 
photons. This effect was hence named after Raman and he was awarded a 
Nobel Prize in Physics in 1930. Raman spectroscopy became a standard 
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technique for analysing molecular structure and chemical composition 
decades later thanks to the development of laser. 
Comparing with infrared spectroscopy, Raman spectroscopy is superior in 
the following aspects: 1) Raman spectra usually contain sharper and more 
distinguishable bands enabling easier identification of chemical compounds 
in cells; 2) Raman spectroscopy can use probing lasers in the visible range 
where water absorption is weak, therefore can tolerate relatively large water 
content that usually presents in biological samples; 3) widely available 
confocal Raman microscopes have a spatial resolution on the micrometer 
level, which enables easy and rapid hyperspectral imaging of single 
microbial cells; 4) Raman spectroscopy can be combined with many other 
techniques, such as fluorescent in situ hybridisation (FISH), optical 
tweezers, atomic force microscope (AFM) and microfluidic devices to 
become powerful research tools [22, 26-28]. 
 
Raman spectra arise from the quantum nature of the molecular vibration. A 
simple example is the one-dimensional stretching motion of a diatomic 
molecule following Hooke’s law. The Hamiltonian operator for this system 
is [29]: 
   
  
     
  
   
 
   
 
 Equation 1 
Where, 
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It takes the same form of the Hamiltonian operator for a single-particle 
harmonic oscillator, and meff is the effective mass of the two atoms. 
And we substitute it into the time-independent Schrödinger equation: 
      Equation 2 
And the wavefunction is known to take the form [29]: 
              
   
 
 
 Equation 3 
Where, 
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If we substitute the wavefunction (Equation 3) and Hermite’s differentiation 
equation into Equation 2, it is revealed that the energy constant E is 
quantized into ‘energy levels’: 
      
 
 
   
 
    
 
 
  
 Equation 4 
Where, 
            
 
The lowest permitted energy level where ν = 0 is called the ground state. 
Here we express the energy gap between any two energy levels by the 
wavenumber of a photon: 
  
 
   
 
 
    
 
 
  
 Equation 5 
Where, 
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The gross selection rule for a molecular vibrational mode to be Raman-
active (detectable in Raman spectroscopy) is that the polarisability must 
change during vibration; the specific selection rule is that Δν = ± 1 [29, 30]. 
Polarisability (α) represents the rate of change of the molecule’s induced 
electric dipole moment (P) as a result of electromagnetic radiation (E): 
      
 
If the polarisability changes in a molecular vibrational mode, and this mode 
makes a transition of Δν = ± 1 accompanied by energy exchange with the 
incident electromagnetic radiation, it is possible to detect this transition by 
applying laser light to the sample and detecting scattered light that has a 
different wavelength from the laser. This procedure is Raman spectroscopy. 
The wavenumber of a Raman band, usually used as the x-axis in Raman 
spectra, is expressed in Equation 5. Figure 1.1 is the energy diagram of 
Raman scattering. The net process is that a molecule absorbs some of the 
incident photon’s energy and makes a transition of Δν = + 1 (Stokes Raman 
scattering) or releases energy to the photo during the transition of Δν = - 1 
(anti-Stokes Raman scattering). At room temperature, most molecules are at 
the ground state according to Boltzmann distribution, thus Stokes scattering 
signal is stronger than that of anti-Stokes. 
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From Equation 5, we can see that in the transition ν = 0 → 1, the 
wavenumber will decrease if meff is increased. It is an important property of 
molecular energy levels and it is utilised throughout this thesis under the 
term ‘Raman red-shift’ or ‘red-shift’. It is the basis of combining Raman 
spectroscopy with stable isotope probing (SIP). As microbiologist are often 
interested in the fate of carbon and nitrogen in a microbial community, 
substrates synthesised from heavy stable isotopes carbon-13 (
13
C) and 
nitrogen-15 (
15
N) are fed to the community and organisms that incorporate 
the those substrates are labelled by stable isotopes. These procedures are 
referred to as SIP. Although Equation 5 only represents the energy levels of 
a simple harmonic vibrational mode, it is experimentally proved by this 
thesis and many cited articles that many far more complex molecules 
undergo the same red-shift toward lower wavenumber in SIP experiments. 
To make an illustration, one can imagine that as the mass of a vibrational 
system becomes larger, the energy levels become closer to each other 
(Raman red-shift) and eventually collapse and disappear when the system 
grows to a macroscopic object that obeys Newton’s laws.  
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Figure 1.1 Energy diagram of Rayleigh scattering, Stokes Raman scattering 
and anti-Stokes Raman scattering. 
 
The interaction between molecules and incident photons that generates 
Raman signal is a rare event. Normal Raman scattering, or spontaneous 
Raman scattering, happens about once in every 10
6
 - 10
8
 photons and the 
majority of photons undergo Rayleigh scattering (Figure 1.1). Raman 
spectroscopy and its combination with SIP have been widely used in 
chemistry where samples are usually prepared in relatively large quantities 
and high concentrations. However, in microbiology studies that focus on 
single microbial cells, Raman scattering’s weak nature means that a single-
cell Raman spectrum takes about 10 s to collect. In order to improve its 
analysing throughput and analytical selectivity, Raman signal enhancement 
mechanisms, such as resonance Raman (RR) scattering and surface 
enhanced Raman scattering (SERS), are used to enhance the Raman signal 
from certain molecules in samples.  
ν = 0
Virtual energy level
Energy
R
ayleigh
Stokes
ΔE=hν
A
nti-Stokes
ν = 1
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Like the energy levels of atoms shown in Equation 5, electrons in a 
molecule have energy levels and can make transitions between them. It is 
observed that Raman signal intensity of some molecules can be greatly 
increased by up to 10
6
 times when the incident laser wavelength falls into a 
molecular absorption band and the electrons absorb the photon energy to 
make a transition (resonant condition). Theories of the RR enhancement will 
not be present here because this thesis mainly focuses on its application and 
these theories are complicated. In summary, the intensity of a certain Raman 
band can be expressed in several terms adding together, of which the A-term 
represents the electronic transition that is independent from the nucleus and 
the B-term represents the electronic transition that is dependent on the 
motion of nucleus. Any increase in the A-term or B-term leads to the 
enhancement of the signal. Under resonant condition, total symmetric 
molecules can gain enhancement through the A-term whilst other molecules 
may gain enhancement through the B-term [28, 30, 31]. The key to achieve 
resonance Raman scattering is choosing the suitable laser wavelength to 
excite the electronic transitions of a RR-active compound. RR spectroscopy 
can greatly enhance the signal from RR-active molecules therefore shortens 
the spectrum acquisition time and enables the selective measurement of the 
RR-active molecules within a complex sample. 
The SERS effect was discovered in the 1970s and hence became a popular 
research topic in ultra-low concentration detection including the 
measurement of biological molecules and single microbial cells. SERS has 
been shown to be able to detect single molecules, indicating an 
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enhancement factor of about 10
10 
- 10
14
 [32-36]. As discussed in Chapter 2, 
the SERS effect takes place in the vicinity of noble metal nano-structures, 
and there are a number of methods to prepare such materials and place 
samples on them. The mechanism of SERS enhancement is still a subject of 
debate, but it is agreed that SERS can result from the increased local 
electromagnetic field, and/or increased molecular polarisability due to the 
charge transfer between the metal and the sample [37, 38]. Electromagnetic 
enhancement is the main contributor to the SERS effect. The increased 
electromagnetic field on the surface of noble metal nano-structures results 
from a phenomenon termed localised surface plasmon resonance (LSPR). 
LSPR is the coherent oscillation of the conduction electrons on the surface 
of metal nanoparticles, metal surface with nanometre sized patterns, etc. 
LSPR is excited by the electromagnetic radiation with a resonant 
wavelength, which depends on a number of factors including the size of the 
nanoparticles/nano-pattern and their chemical environment. For gold or 
silver nanoparticles, which are widely used as SERS-active substrates, the 
resonant wavelengths usually fall within the infrared-visible range. 
1.1.3 Application of Raman spectroscopy in microbiology and microbial 
ecology 
As described above, the frequencies (wavenumbers) of bands in Raman 
spectra are specific to each different molecular vibrational mode. Therefore, 
a Raman spectrum can serve as the fingerprint of molecules. The rich 
information contained in the spectra offers a unique opportunity to look into 
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the microorganisms’ identities, physiological status, phenotypic changes and 
ecological functions.  
Microorganisms of different species have different Raman spectra due to 
their different biochemical composition. Thus Raman spectra are used to 
differentiate microbial species [39-48]; and even closely related strains [40, 
49]. 
Since Raman spectra reflect the chemical composition of the measured cells, 
and the chemical composition may change during the growth, in response to 
environmental changes or vary cell-by-cell due to different gene expression, 
it is possible to use Raman spectroscopy to monitor the phenotypic change 
caused by different metabolic activities in different growth stages [44, 50, 
51]. Phenotypic change caused by different environmental conditions is also 
detectable by Raman spectroscopy [45, 52]. Similarly, Raman spectroscopy 
is also used to observe phenotypic variation caused by stochastic gene 
expression [53]. 
A Raman signal enhancement mechanism, RR, as mentioned above, has 
been used in life science for decades [54]. RR only enhances the Raman 
signal from RR-active compounds or RR-active sites, e.g. charge transfer in 
metalloproteins, chlorophylls, carotenoids and nucleic acids (nucleic acids 
usually require UV laser). It has wide application in biochemical and 
biophysical research but it is limited by its selective nature. In 
environmental microbiology, a method that detects all microorganisms is 
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preferable. Chapter 3 shows the combination of RR spectroscopy and SIP 
may have great potential in environmental microbiology.  
Another Raman signal enhancement mechanism, SERS, has been used in 
microbiology as a method to enhance Raman signal. Literature review on 
the application of SERS in microbiology is placed in Chapter 4. 
Naturally weak Raman signal is not the only difficulty facing Raman 
spectroscopists. Data analysis in Raman spectroscopy is another challenge 
especially for biologists. As mentioned above, Raman spectra tend to 
contain large number of bands. However, such rich information can only 
become advantageous once researchers can identify these bands and assign 
them to the molecular vibrational modes. One can find free or commercially 
available Raman data bases for pure chemicals. But they can only assist in 
studying simple biological molecules or systems. When the sample’s 
content is too complicated, one may find that a Raman band can belong to 
many different molecules that may exist in the sample. Two groups of 
methods have been used by researchers to tackle the problem in Raman data 
analysis: multivariate analysis and stable isotope probing (SIP). Suitable 
multivariate analysis can extract information buried in the vast data set in 
Raman spectroscopy [20]. Multivariate analysis uses statistical models to 
find variance in Raman spectra which can be correlated to know difference, 
treatments, trend, etc. SIP can simplify the data analysis in Raman 
spectroscopy because the Raman red-shift of stable isotope labelled samples 
unambiguously indicates that the shifted band is associated with the labelled 
element, e.g. 
13
C or 
15
N. 
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1.2 Objectives and thesis structure 
Vibrational spectroscopy has aided biologists to study many biological 
systems. However, as a relatively newly emerged technique for 
environmental microbiologists, Raman spectroscopy has yet reached its 
potential in this field. The overall aim of this Ph.D. project is to develop 
Raman spectroscopy-based techniques further and expand their applications 
in environmental microbiology. There are five specific objectives in this 
research project: 
1) Using RR spectroscopy to improve the signal-to-noise ratio of 
Raman spectra and reduce the spectrum acquisition time.  
2) Using SERS to improve the signal-to-noise ratio of Raman spectra 
and reduce the spectrum acquisition time.  
3) Investigating further into the application of 13C-Raman-SIP 
techniques, including tracking carbon flow in food chains and 
possible theoretical explanation of the different red-shift behaviour 
of different Raman bands.  
4) Developing an automatic cell sorting platform, Raman activated cell 
sorting (RACS) system, by integrating a confocal Raman 
microscope with a microfluidic device and flow controlling 
components.  
5) Investigate possible Raman spectroscopy-based method to quantify 
15
N-incorporation at single-cell level.  
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The structure of this thesis: 
Chapter 1 serves as the introduction to this thesis which includes basic 
information about Raman spectroscopy, environmental microbiology and a 
brief introduction of the application of Raman spectroscopy in 
microbiology. More specific literature review and background information 
are given by the introduction sections in each chapter that follows.  
 
Chapter 2 is the literature review for recent development in the application 
of Raman spectroscopy in environmental microbiology. Chapter 2 was 
converted into a paper and published: 
Li M., Xu J., Romero-Gonzalez M., Banwart S. A. and Huang W. E. (2012). 
Single cell Raman spectroscopy for cell sorting and imaging. Current 
Opinion in Biotechnology 23 (1): 56-63. 
 
Chapter 3 addresses the problem of weak Raman scattering cross section by 
using RR spectroscopy to enhance Raman signal of photosynthetic 
microorganisms. It also combines SIP with RR spectroscopy to build a fast 
hyperspectral imaging technique which quantitatively measures the carbon 
fixation at single-cell level. Chapter 3 was converted into a paper and 
published: 
Li M., Canniffe D. P., Jackson P. J., Davison P. A., FitzGerald S., Dickman 
M. J., Burgess J. G., Hunter C. N. and Huang W. E. (2012). Rapid 
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Resonance Raman micro-spectroscopy to probe carbon dioxide fixation by 
single cells in microbial communities. ISME Journal 6: 875-885. 
 
Chapter 4 addresses the problem of weak Raman cross section by attaching 
synthesised silver/gold nanoparticles to single microbial cells to in an 
attempt to achieve the SERS effect. Chapter 4 contains the author’s M.Phil.-
to-Ph.D. transfer report and additional experimental results. 
 
In Chapter 5, the combination of SIP and Raman spectroscopy was applied 
to a system consists of carbon source, bacteria and predatory nematodes in 
order to track the carbon flow in this food chain. A novel quantitative 
Raman spectral marker for 
13
C incorporation was reported which has a 
different ‘red-shift mode’ compared to the previously published spectral 
marker. The biochemical and biophysical processes that are responsible for 
this difference were studied. Chapter 5 was converted into a paper and 
submitted: 
Li M., Gibson C. M., Fowler P. W., Huang W. E. and Jousset A. (2012). 
Monitoring carbon flow in microbial communities and revealing 
biochemical pathways using stable isotope probing and Raman 
spectroscopy. Submitted to Analytical Chemistry 
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The study reported in Chapter 6 is the first step towards the proposed RACS 
system. It proves the concept that using the combination of SIP, RR 
spectroscopy and microfluidic device can rapidly profile carbon dioxide 
fixation in photosynthetic communities. Chapter 6 was converted into a 
paper and published: 
Li M., Ashok P.C., Dholakia K. and Huang W.E. (2011). Raman activated 
cell counting for profiling carbon dioxide fixing microorganisms. Journal of 
Physical Chemistry A in press, DOI: 10.1021/jp212619n. 
 
Chapter 7 reports the quantitative measurement of 
15
N-incorporation in the 
single cells of an important marine bacterial strain Ruegeria pomeroyi DSS-
3 by Raman spectroscopy and multivariate analysis. Chapter 7 was 
converted into a paper and in preparation for submission: 
Li M., Wharfe E.S., Chen Y. and Huang W.E. (2012). Quantitative 
measurement of nitrogen uptake in single cells by Raman spectroscopy. 
 
Chapter 8 briefly summarises the thesis and recommends potential follow-
up studies for the future research. 
 
Appendix: CD-ROM 
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Chapter 2: Single-cell Raman spectroscopy for cell 
sorting and imaging 
 
2.1 Introduction 
All organisms on the earth, including bacteria, plants and animals, derive 
from single cells. Genetically identical parent cells can produce cells with 
different functions due to the intrinsic variation in gene expression and gene 
regulation amongst the individual offspring cells. Traditional bulk 
measurements average different cell phenotypes but what occurs at the level 
of individual cells has profound biological implications in cell development, 
evolution and adaptation, which include embryonic cell specialisation and 
development, cell differentiation, cancer cells’ resistance to chemotherapy 
and radiotherapy, bacterial antibiotic resistance, etc. Microbiologists are 
specifically interested in single-cell techniques because most 
microorganisms (>99%) have not yet been cultured in the laboratory. 
Increasing evidence indicates that these uncultured microorganisms play 
crucial roles in ecosystems and have a profound impact on global warming 
(through carbon/nitrogen cycles), food security (through maintaining soil 
health and promoting plant growth), and bioremediation of environmental 
pollution [55, 56]. The investigation of uncultured bacteria at single-cell 
level circumvents the cultivation issue and allows experiments to reveal 
their in situ ecological roles, providing important evidence to predict the 
dynamic change of microbial communities. To date, the major culture-
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independent approach used to study microbial communities is 
metagenomics, which is a top-down method that elucidates the microbial 
structure and gene pools of unculturable microorganisms [14]. However, for 
complex microbial communities, metagenomic sequence alone is usually 
unable to untangle the links between sequences and genomes, genes and 
functions, and ecological roles and species. These difficulties can be tackled 
by bottom-up methods that enumerate and characterise the genotypes and 
phenotypes of individual cells in the community.  
Single-cell bio-analysis can be generally classified as indirect or direct 
measurement (Figure 2.1). A typical indirect measurement is external 
fluorescent labelling, which is the basis for fluorescent imaging and 
fluorescence activated cell sorting (FACS). However, it is better to directly 
measure intrinsic information from single cells in a non-invasive, label-free 
and in vivo manner. Single-cell Raman spectroscopy (SCRS) meets these 
criteria by providing intrinsic chemical ‘fingerprints’ of single cells (Figure 
2.1). SCRS usually relies on confocal Raman microscopes that acquire 
Raman spectra from a small volume of sample such as one bacterium [44]. 
A typical single-cell Raman spectrum contains a rich cellular chemical 
profile, including hundreds Raman bands which can be assigned to different 
cellular compounds such as nucleic acids, proteins, carbohydrates and 
lipids. SCRS enables the characterisation of different cell types and can 
reveal physiological and phenotypic changes in living single cells [20]. 
Raman-FISH, combining SCRS and fluorescent in situ hybridisation 
(FISH), is able to visualise, by FISH-probing, cells in a microbial 
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community and simultaneously acquire single-cell Raman spectra (Figure 
2.1) [26, 57]. As Raman-FISH has recently been reviewed [20], this chapter 
focuses on the application of SCRS in single-cell physiological analysis, 
Raman activated cell sorting (RACS) and Raman imaging.  
 
Figure 2.1 Overview of the single-cell bio-analysis.  
Single-cell bio-analysis can be generally classified as indirect and direct 
measurements. A typical indirect measurement is fluorescence imaging 
which is sensitive but requires external labelling. Single-cell Raman 
spectroscopy (SCRS) is a non-invasive and label-free technique. Single-cell 
Raman spectra are cells’ ‘fingerprints’ that reflects their phenotypes and 
physiological states. Raman-FISH is a combination of fluorescence labelling 
and Raman spectroscopy [58]. Raman imaging is a functional imaging 
technique based on Raman spectra of single cells. Raman imaging has been 
used to distinguish active CO2-fixers (red) and from inert cells (green) [21]. 
Raman activated cell sorting (RACS) is able to separate cells according to 
their Raman spectra.  
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2.2 Challenges facing single-cell Raman spectroscopy 
In order to apply SCRS to biological analysis, two major challenges need to 
be addressed: weak Raman signal and the interpretation Raman spectral 
data. A long acquisition time (from about 10 s to minutes) is usually 
required to obtain a good Raman spectrum from a single cell with high 
signal-to-noise ratio. Although it has been shown that single-cell Raman 
spectra of some bacterial species can be acquired within 10 s using 
relatively powerful laser [20], an even shorter acquisition time at sub-second 
level is desirable to improve the throughput of Raman spectroscopic 
analysis [21, 59]. Resonance Raman (RR) spectroscopy, coherent anti-
Stokes Raman spectroscopy (CARS), stimulated Raman spectroscopy (SRS) 
and surface enhanced Raman scattering (SERS) have been applied to 
biological samples to enhance Raman signals by several orders of 
magnitude (Figure 2.2). Since Raman spectroscopy measures all the Raman-
active molecular vibrations, numerous Raman bands of biological molecules 
appear in the ‘fingerprint region’ from about 400 to 1800 cm-1. Translating 
Raman spectra into meaningful information is often challenging. Raman 
spectra of many pure chemicals have been analysed and well-documented 
[60], with commercial availability of Raman databases and free-to-access 
Raman spectra of chemical products (e.g. Sigma–Aldrich UK). But the 
identification of biological molecules by Raman spectra is far from being 
standardised. Several recent reports provided Raman band assignments and 
a spectrum database for some biological molecules, which help to link 
single-cell Raman spectra to the biochemical entities [20, 61, 62].  
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2.3 Resonance Raman spectroscopy 
When the frequency of incident laser matches the absorption bands of 
electronic transitions of RR-active molecules, a resonance Raman (RR) 
effect may occur. RR may enhance Raman signal by 6 orders of magnitude 
(Figure 2.2). RR spectroscopy selectively enhances RR-active molecules in 
cells. Raman bands of those molecules can be very strong and dwarf Raman 
bands from other biological molecules. Typical RR-active biological 
compounds include various pigments (e.g. carotenoids, bacteriorhodopsin 
and proteorhodopsins) and metalloproteins. RR spectroscopy has been used 
to study red blood cells and viral DNA [63-65]. Surface enhanced resonance 
Raman scattering (SERRS) combines the strengths of both the SERS and 
RR. It has been applied to analyse the in vivo activity and enantioselectivity 
of 14 different hydrolases, with a sensitivity of 0.8 pmol enzyme/mL [66]. 
An important aspect of RR spectroscopy is that it is a suitable technique to 
study photosynthetic cells because essential photosynthetic pigments such 
as carotenoids have strong RR bands [21, 31]. Carotenoids are non-
fluorescent light-harvesting (LH) antenna and singlet oxygen quenchers, 
which are essential elements of LH complexes in nearly all photosynthetic 
microorganisms [67]. Caused by the incorporation of 
13
C-bicarbonate, the 
RR bands of single photosynthetic microorganisms displayed distinctive 
Raman red-shift, the extent of which was shown to be proportional to the 
13
C content in single cells [21]. 
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Figure 2.2 Three methods to enhance Raman signal.  
In comparison with spontaneous Raman spectroscopy, Resonance Raman 
(RR) spectroscopy is able to enhance Raman signals by up to 6 orders of 
magnitude, but it selectively enhances certain RR-active molecules. SERS 
enhancement can be as high as 14 orders of magnitude, but it requires the 
introduction of nano-materials to biological samples and also suffers from 
the non-reproducibility. CARS and SRS employ multiple laser beams to 
increase Raman signal by about 1000 times, but the range of Raman spectra 
is defined by the pump and Stokes lasers.  
 
2.4 Coherent anti-Stokes Raman spectroscopy and stimulated 
Raman spectroscopy 
A CARS signal arises when the frequency difference between a pump laser 
νp and a Stokes laser νs matches the frequency of a Raman-active molecular 
vibration, which generates a strong anti-Stokes Raman signal (Figure 2.2) 
[68]. Owing to its nonlinear and coherent nature, a CARS spectrum is about 
1000 times stronger than a spontaneous Raman spectrum [69] and CARS 
measurement can penetrate as deep as 0.4 mm [68]; thus CARS is useful in 
generating chemical images of biological samples (mostly targeting lipids) 
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and allows 3D imaging of tissues and biofilms [68]. SRS is another form of 
nonlinear Raman spectroscopy [70]. In contrast to CARS, which detects the 
vibrational coherence, SRS detects the vibrations of the excited population. 
SRS overcomes some problems associated with CARS microscopy and 
offers several advantages, including generating identical spectra as the 
spontaneous Raman spectroscopy, and being free from non-resonant and 
fluorescent background [70]. Unlike spontaneous Raman spectroscopy and 
RR spectroscopy, CARS and SRS employ multiple laser beams. The range 
of CARS and SRS Raman spectra is defined by the pump and Stokes lasers 
used in the experimental setup.  
 
2.5 Surface enhanced Raman scattering  
Surface enhanced Raman scattering (SERS) was first discovered in the 
1970s, and it was found that the Raman signal can be up to 14 orders of 
magnitude higher than that of spontaneous Raman spectroscopy if a 
molecule is associated to a roughened noble metal (often silver or gold) 
surface (Figure 2.2) [71]. SERS is so sensitive that the detection of single 
molecules has been demonstrated [35, 36, 72]. Gold and silver are usually 
used to prepare SERS-active surfaces and this can be implemented in 
several ways using either nanoparticles (NPs) [73, 74], the tip of an atomic 
force microscopy (AFM) needle [75] or patterned surfaces with nanometre 
level roughness [76]. Although the mechanism of SERS is not completely 
clear, it has been proposed that SERS enhancement originates mainly from 
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the excited surface plasmon of the metal surface (the electromagnetic 
enhancement) [28]. However, the SERS effect is dependent on the distance 
between the metal surface and the target molecules; experimental evidence 
has shown that effective SERS enhancement decays considerably within 10 
nm from the surface of the metal [37]. To apply SERS to single living cells 
is not simple as it is difficult to keep cells close enough to the SERS-active 
surface. Most small molecules serving as linkers between SERS-active 
surface and cells can easily exceed 10 nm in size. It has been found that the 
strongest SERS enhancement ‘field’ is situated in the narrow space between 
closely placed nanostructures [77]. Therefore, if the analytes (e.g. proteins, 
DNA, lipids or other biological macromolecules) are entrapped between the 
nanoparticles during controlled aggregation, SERS signal can be improved. 
In the three most popular implementations of SERS as shown in Figure 2.2, 
nanoparticles are the most suitable and easiest method for studying living 
cells because it does not require drying cells on a surface or vacuum 
conditions, allowing living single cells to be analysed and sorted in a flow 
cytometry-like Raman-microfluidic chip system. However, the majority of 
colloidal nanoparticles need stabilising agents on their surfaces to prevent 
aggregation, which occupy the most effective range of the SERS effect and 
can prevent nanoparticles from attaching to cells. As a result, SERS spectra 
taken with colloidal nanoparticles should be interpreted cautiously because 
any substance absorbed on the surface of nanoparticles, including the 
stabilisers, may be responsible for generating strong SERS signal. This 
becomes more challenging when it is difficult to predict which biological 
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molecules the nanoparticles bind to. Another problem associated with SERS 
is its well known non-reproducibility, which produce different spectra with 
each measurement (as shown in Figure 2.2). 
 
2.6 Single-cell physiology analysis 
Spontaneous Raman spectra of cells have been demonstrated to discriminate 
between bacterial species, different growth phases or physiological states of 
the same species without a priori knowledge [44, 46, 47, 78-80]. Andrews 
et al. used Raman spectroscopy to identify biological molecules such as 
DNA, lipids and proteins that influence the biofilm formation and bacterial 
attachment to various surfaces [80]. Interestingly, SCRS spectra indicated 
that Rhodococcus sp. and Sphingomonas sp. in planktonic phase synthesised 
carotenoids whereas the cells in biofilm were free from carotenoids even 
though they were grown in the same culture [80]. Since Raman 
spectroscopy is sensitive to subtle changes in the vibrational frequencies of 
chemical bonds, Raman spectroscopy and stable isotope probing (SIP) can 
be combined to identify cells that incorporate 
13
C- or 
15
N-substrates. 
Raman-SIP methods reveal metabolic activities and link species with their 
ecological functions [21, 26, 44, 57, 81]. Raman-SIP methods can be 
sensitive enough to achieve quantitative or semi-quantitative detection of 
13
C-incorporation at single-cell level [21, 44]. Raman-SIP has been used to 
differentiate Protochlamydia amoebophila into two distinct physiological 
states (reticulate and elementary bodies), both of which were, unexpectedly, 
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found to be active outside the host cells and infective for 3 weeks [81]. Hall 
et al. employed SCRS to study the stoichiometry and found the results 
comparable to that of traditional bulk measurements [82].  
 
2.7 Raman activated cell sorting 
A few cell sorting techniques are listed and compared in Table 2.1. Cell 
sorting mechanism and decision-making criteria are the two key factors in 
single-cell sorting techniques. Flow cytometry is a high-throughput cell 
sorting technique with sorting rates in the range of 10,000 - 20,000 cells / s. 
Microfluidics-based cell sorting usually has lower sorting rate than flow 
cytometry. However, a microfluidic chip is flexible to use for different 
purposes and combine with different detection method, e.g. confocal Raman 
microscope, allowing the separation of cells based on their intrinsic 
physical, chemical and biological properties. As the flow in the microfluidic 
device is usually laminar flow, accurate control of cell separation is 
possible. A microfluidic device made from polydimethylsiloxane (PDMS) is 
also inexpensive and disposable. In addition, with the development of 
single-cell genome amplification, a few cells of interest can provide 
sufficient genomic DNA for sequencing using multiple displacement 
amplification, which enables the identification and many other molecular 
biological assays to be performed on the sorted cells [27].  
Of the key importance to cell sorting is the choice of sorting criteria. Cells 
can be isolated according to fluorescent labelling, size, morphology, optical 
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property (e.g. reflection index) as well as Raman spectra (Table 2.1). FACS 
usually relies on various external fluorescent labelling which limits its 
maximum simultaneous measurements to 12 - 17 parameters [83]. Single-
cell mass spectrometry has also been developed to simultaneously examine 
31 binding antibodies of human bone marrow at single-cell level; however, 
it is destructive and relies on external antibody labelling [84]. Cell sorting 
based on morphology is not widely adopted by researchers, because it is 
usually unclear how to link cell morphology to their functions. RACS 
enables the separation of cells according to their intrinsic chemical 
‘fingerprint’ with minimal pre-treatment, thus cells are potentially viable 
after sorting [27]. In RACS, isolated cells may be used on-chip for 
cultivation or DNA amplification. RACS based on spontaneous Raman 
spectroscopy has been reported as a proof of concept in which microfluidic 
devices and optical tweezers were used to capture, analyse and sort single 
cells with a relatively low throughput [27, 85]. A couple of papers reported 
the effort to integrate SERS and CARS with a microfluidic device in order 
to increase the cell sorting rate by shortening Raman signal acquisition time 
[86, 87]. Camp and co-workers employed multiplex coherent anti-Stokes 
Raman scattering to measure lipid-rich cells in a yeast culture at a rate of 
100 spectra / s [86]. Taking the advantage of the SERS effect, Walter and 
co-workers classified nine Escherichia coli strains by mixing silver colloid 
with ultrasound-treated cells and reduced the Raman signal acquisition time 
to 1 s [87]. In the light of recent advances in RR, SERS and CARS, it is 
foreseeable that high-throughput RCAS can be achieved in the near future.  
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Table 2.1 Comparison of different cell sorting techniques. 
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2.8 Raman imaging 
Raman imaging is the generation of pseudo-colour images in which each 
pixel is produced according to the relative intensities of the defined Raman 
bands (Figure 2.1). It has been used to image viruses [93], spores [46], 
bacterial species, and phenotypic variations in an isogenic population [53]. 
Raman-FISH has been applied to investigate environmental samples and 
identified an uncultured Acidovorax sp. strain which played a key role in 
naphthalene bio-degradation in contaminated groundwater [57]. An on-line 
florescence suppression module for Raman spectroscopy has been reported 
and is potentially helpful for Raman imaging [94].  
Raman-SIP method has been applied to image a bacterial population; it 
differentiated 
13
C-cells from 
12
C-cells but took several hours [58]. RR, 
CARS, SRS and SERS are all potential methods to shorten the time required 
in Raman imaging. CARS and SRS are excellent Raman imaging tools, 
especially for lipids content, but they are less useful when Raman bands in 
the ‘fingerprint’ region are needed [95]. SERS can be highly sensitive, but 
requires the attachment of nano-materials to cells. RR-active molecules in 
cells, e.g. carotenoids, can be used as markers for RR imaging [21].  
Using Ca-dipicolinic acid (Ca-DPA) as a marker, Li and co-workers 
combined Raman spectroscopy, phase contrast microscopy and optical 
tweezers to image the dynamics of germination of single Bacillus cereus 
spores [96]. Raman imaging of single cells in isogenic populations 
demonstrated its unique advantage in identifying phenotypically different 
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cells without any labelling. Wide cell-to-cell variations were found in 
isogenic populations of model strains Bacillus thuringiensis, Legionella 
bozemanii and Bacillus cereus [53, 97].  
Using carotenoids as intrinsic markers, single-cell RR spectroscopy has 
been used to identify active CO2-fixers on the ms-per-cell timescale in a 
quantitative manner [21]. In this study, Li and co-workers showed that RR 
imaging was sensitive to detect low level of 
13
C content (10 %) in single 
cells; strong RR signal also shortened the experimental time so that a 93 µm 
by 73 µm Raman image with 1 µm spatial resolution took a few minutes to 
generate [21]. Raman imaging can be followed by a laser micro-dissection 
step to selectively cut and separate cells of interest for cultivation or 
genomic amplification and sequencing. 
 
2.9 Conclusion and remarks 
SCRS and its derivative techniques such as Raman-FISH, RCAS, Raman 
imaging are ideal bio-analytical tools for studying single cells. The main 
problem that hampers a broader application of Raman spectroscopy in cell 
biology is its naturally weak signal intensity. To overcome this problem, 
RR, CARS, SRS and SERS have been explored to enhance Raman signal. 
RR is able to enhance Raman signals by up to 6 orders of magnitude and is 
particularly suitable for studying photosynthetic microorganisms. SERS 
enhancement can be as high as 14 orders of magnitude, but it requires the 
labelling with nano-materials and may suffer from the non-reproducibility 
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of SERS spectra. Further studies on the SERS enhancement mechanisms 
and the optimisation of nanoparticle-cell interaction could pave the way for 
wider application of SERS in single-cell research. CARS spectra are three 
orders of magnitude stronger than spontaneous Raman spectra and have 
been used for imaging [98]. Other ways to enhance Raman signals would 
rely on instrumentation improvement, e.g. increasing incident laser power, 
improving the sensitivity of the spectrometer, and simultaneous multi-
measurement [99]. A typical single-cell Raman spectrum contains a large 
number of Raman bands representing many biological molecules; thus, data 
interpretation and analysis are also an area of interest. Advanced 
multivariate analysis and the establishment of a biological Raman database 
would help to tackle this challenge [79].  
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Chapter 3: Rapid Resonance Raman micro-
spectroscopy to probe carbon dioxide fixation by 
single cells in microbial communities 
 
3.1 Introduction 
Photosynthetic microorganisms including bacteria and algae are essential to 
aquatic life and the global carbon budget [100, 101] but the precise 
ecological roles of many of these species remain ill-defined due to 
cultivation difficulties which have led to the development of methods for 
detecting uncultured cells in the environment [56, 102, 103]. Some 
uncultured photosynthetic bacteria and microalgae have been found to play 
crucial roles in carbon or nitrogen cycling [104-110]. Recently, culture-
independent approaches (e.g. in situ hybridisation and 18S-rRNA 
sequencing) have been employed to reveal two new groups of 
photosynthetic eukaryotes that play key roles in CO2 fixation in the 
subtropical and tropical northeast Atlantic Ocean. These groups, Euk-A and 
Euk-B, have not yet been cultivated and, in the case of Euk-B, culturing 
conditions for closely related species have never been found [111]. It is 
reasonable to hypothesise that large populations of uncultivated 
photosynthetic bacteria and algae remain to be discovered in the oceans. It is 
essential to monitor the photosynthetic activity of bacteria and algae 
including those hitherto-uncultivated microorganisms, and to understand 
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their dynamic processes in relation to CO2 fixation and climate change. In 
addition, uncultured oceanic photosynthetic bacteria and algae represent an 
untapped biotechnological resource that could lead to the discovery of new 
biomedical products and biocatalysts [112-114]. Therefore, it would be 
useful to develop a culture-independent method to unravel the ecological 
function of photosynthetic bacteria and algae in situ, and to reveal their roles 
in the natural environment in terms of their relative contribution to carbon 
fixation.  
Raman micro-spectroscopy has been shown to be a useful tool to study 
single microbial cells [20, 26, 27, 44, 57, 58, 78, 81, 82, 115]. In 
combination with other biological assays such as stable isotope probing 
(SIP) and fluorescence in situ hybridisation (FISH), Raman single-cell 
techniques can link bacterial species to their ecological roles without 
cultivation [57]. Raman spectroscopy detects the vibrations of chemical 
bonds of molecules through the inelastic scattering of incident laser light. 
Raman micro-spectroscopy provides intrinsic chemical profiles of 
microorganisms and enables us to study single microorganisms [44]. A 
typical Raman spectrum contains a rich cellular chemical profile, including 
information on nucleic acids, proteins, carbohydrates, lipids and pigments 
(e.g. carotenoids), which allows the characterisation of different cell types, 
as well as physiological and phenotypic changes [20, 26, 44, 57, 58, 78, 81, 
82]. Raman imaging is a hyperspectral technique which acquires a full 
Raman spectrum at each defined point (pixel). Resultant spectra can be used 
to generate pseudo-colour images based on specific Raman bands. Since 
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Raman bands relate to chemical entities within the sample, the Raman 
images can be used to illustrate the distribution of chemical components. 
Raman imaging could visualise the chemical composition of individual cells 
in a microbial community as it provides micrometre-level spatial resolution 
and a temporal dimension to study microbial identity and ecophysiology in 
complex microbial communities [57]. However, the physical process of 
inelastic light scattering that underlies Raman spectroscopy is a rare event, 
with about one in 10
6
 - 10
8
 photons interacting with the sample undergoing 
Raman scattering. Typically, the acquisition of a single-cell Raman 
spectrum with good signal-to-noise ratio takes at least a few seconds, 
making Raman imaging time-consuming and hindering it from high-
throughput searching for microorganisms which have incorporated a 
labelled compound or characterised by a specific chemical composition. 
Resonance Raman (RR) spectroscopy can enhance the Raman signal up to 
10
6
-fold, which significantly reduces the acquisition time of Raman spectra 
[31]. RR occurs when the frequency of incident laser matches the absorption 
bands of electronic transition of RR-active molecules. Many biological 
molecules are RR-active compounds and carotenoids are typical analytes for 
RR spectroscopy [31, 116]. More importantly, nearly all photosynthetic 
microorganisms contain carotenoids which are essential elements of light-
harvesting (LH) complexes and singlet oxygen quenchers [117-120].  
In this study, we obtained single-cell RR (SCRR) spectra from carotenoid-
containing bacteria and microalgae using short acquisition times on 
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millisecond level. SIP using 
13
C-bicarbonate was employed to link bacterial 
species with their CO2-fixation activities.  
 
3.2 Materials and methods 
3.2.1 Chemicals, media, strains, and growth conditions 
All chemicals used in this study were purchased from Sigma-Aldrich UK 
unless otherwise stated. The 
13
C-sodium bicarbonate contains 98 % 
13
C 
(Catalog number 372382). The microalgae strain AMA was isolated from 
Arctic supraglacial sites. Synechocystis sp. PCC 6803 and Synechococcus 
elongatus PCC 7942 were from our laboratory collection. Non-
photosynthetic bacteria strains GWO, GWY and GWR with orange, yellow 
and red pigments, respectively, were isolated from contaminated 
groundwater in southwest UK [57]. AMA, Synechocystis sp. PCC 6803 and 
Synechococcus elongatus PCC 7942 strains were grown in BG-11 media 
with sodium bicarbonate as the sole carbon source. To examine the 
integration of 
13
C in photosynthetic microorganisms, Synechocystis sp. PCC 
6803 and Synechococcus elongatus PCC 7942 strains were grown in liquid 
BG-11 medium supplemented with various proportions of 
12
C- and 
13
C-
bicarbonate. The final concentration of the total carbon source (
12
C- and 
13
C-bicarbonate combined) was 5 mM. Carbon-13 content of 1.1 (
13
C 
natural abundance), 10.8, 25.3, 49.6, 73.8 and 98 % were achieved by 
mixing 1 M filter-sterilised 
12
C- and 
13
C-sodium bicarbonate solutions in 
appropriate ratios before adding to the BG-11 media. The 
13
C levels were 
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chosen to cover the entire range from the natural background level to the 
highest available enriched 
13
C source. Carbon-12 and carbon-13 were mixed 
in integer ratios, e.g. 1:9 or 1:1, to ensure the reproducibility and simplicity 
of experimental procedures. The 
12
C-sodium bicarbonate contains 1.1 % 
13
C 
because this is the natural abundance of 
13
C, and the 
13
C-sodium bicarbonate 
used in this study contains 98 % 
13
C. The 
13
C content of each culture vessel 
was then calculated using these values. Bacterial strains GWO, GWY and 
GWR were grown and maintained on R2A agar plates (Oxoid, UK).  
Seawater was sampled from the coast near the Dove Marine Laboratory of 
Newcastle University in northeast England. Photosynthetic microorganisms 
in the seawater samples were enriched by incubation under open-air 
conditions about 50 m from shore for several months. Original seawater was 
used to maintain the natural photosynthetic microorganism assemblages. 
3.2.2 Microcosm setup for cyanobacterial cultures 
A degasification step was done prior to the incubation in order to remove 
dissolved CO2 in the BG-11 medium. This was achieved by boiling the BG-
11 medium in a microwave oven for 1 minute. Deionised water (10 mL per 
50 mL BG-11) was added to the BG-11 medium to compensate for the loss 
of water during the degasification. A 0.45-µm filter attached to a syringe 
filled with sodium hydroxide pellets was linked to the bottle cap 
immediately after the degasification and the bottle cap was fastened (Figure 
S3.1), and the medium was allowed to cool to room temperature. Pre-mixed 
12
C- and 
13
C-sodium bicarbonate solution and 50 µl of cyanobacterial cell 
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suspension (about 10
8
 cells / mL) were then added to the BG-11 medium by 
quickly opening the cap and re-sealing the bottle with a closed cap. 
Synechocystis sp. PCC 6803 was grown in media with 
13
C content of 1.1 
(
13
C natural abundance), 10.8, 25.3, 49.6, 73.8 and 98 %. Synechococcus 
elongatus PCC 7942 was grown in media supplemented with 
13
C content of 
1.1 (natural abundance), 49.6 and 98 %. The 
13
C-content was corrected by 
taking account of 
13
C natural abundance and the 98 % 
13
C-bicarbonate used 
in the study. The culture vessel was incubated at 30 °C and 50 µmol photons 
m
-2
 s
-1
 in an orbital shaker, agitated at 150 RPM for 4 days (Innova 44 
illuminated rotary incubator, New Brunswick Scientific, UK).  
3.2.3 Incubation of seawater samples 
Thirty millilitres of the seawater was sampled and 
13
C-NaHCO3 was added 
to a final concentration of 2 mM. The seawater samples were incubated in 
closed bottles at room temperature for 8 days in natural light. The seawater 
was also incubated with 2 mM 
12
C-NaHCO3 under the same conditions as a 
control sample to provide a reference for the observation of Raman red-
shift.  
3.2.4 Raman micro-spectroscopy analysis  
Cells were sampled from microcosms and washed with deionised water 
before Raman micro-spectroscopic analysis. Each cellular suspension (5 - 
10 µl) was spread on a calcium fluoride (CaF2) slide and allowed to air-dry. 
Single-cell resonance Raman (SCRR) spectra were acquired using a 
confocal Raman microscope (LabRAM HR, HORIBA Scientific, UK) 
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equipped with an integrated Olympus microscope (model BX41). A 100× 
magnifying dry objective (NA = 0.90, Olympus, UK) was used to observe 
and acquire Raman signals from single cells. The laser beam was targeted 
on the cell visually using an integrated camera and a motorised XYZ stage 
(0.1 µm step). The Raman scattering was excited with a 532-nm Nd:YAG 
laser (Torus Laser, Laser Quantum, UK). The laser power on a single cell 
was about 3.5 mW. The detector was a CCD detector kept at -70 
o
C (Andor, 
UK). The system was run with a confocal pinhole diameter of 100 µm, 
enabling a spatial resolution of approximately 1 µm. Each Raman spectrum 
was acquired between the range 2172 cm
-1
 and 557 cm
-1
, with 1021 data 
points and a spectral resolution of about 1.5 cm
-1
. LabSpec software 
(HORIBA Scientific, UK) was used to control the Raman system and 
acquire Raman spectra. Acquisition times for SCRR spectra were 100 ms 
for single cell measurements and 1 - 30 ms for Raman imaging. For each 
pure or mixed culture samples, 20 single cells were randomly chosen and 
measured. Beta-carotene was used as a carotenoid control and was measured 
under the same condition as SCRR.  
3.2.5 Raman imaging 
SWIFT (HORIBA Scientific, UK) imaging function was coupled into the 
Raman systems, which allows significant reduction in the time needed for 
generating Raman images when very short spectrum acquisition time is used 
(milliseconds in this study). In contrast to traditional start-stop mapping 
methods, samples are continuously scanned beneath the laser beam, and 
spectra are acquired ‘on the fly’ as the sample is scanned in the SWIFT 
42 
 
mode. SWIFT was employed to generate Raman images of photosynthetic 
bacterial populations in which the cells had different 
13
C-content. Three 1:1 
mixed cyanobacterial cultures were imaged by SWIFT: 1) Synechocystis sp. 
PCC 6803 cells grown in 73.8 % 
13
C-bicarbonate BG-11 medium mixed 
with cells grown in 
12
C-bicarbonate BG-11 medium; 2) Synechocystis sp. 
PCC 6803 cells grown in 10.8 % 
13
C-bicarbonate BG-11 medium mixed 
with cells grown in 
12
C-bicarbonate BG-11 medium; 3) Synechocystis sp. 
PCC 6803 cells grown in 10.8 % 
13
C-bicarbonate BG-11 medium mixed 
with Synechococcus elongatus PCC 7942 grown in 
12
C-bicarbonate BG-11 
medium. SWIFT was also used to image the seawater samples incubated 
with 
13
C-NaHCO3 and 
12
C-NaHCO3 to visualise the 
13
C-incorporated 
photosynthetic cells. Each Raman images was acquired within minutes and 
the acquisition time of each pixel was 1 ms for mixed cultures, and 10 - 30 
ms for the seawater samples. A step size of 0.5 µm (4 million pixels mm
-2
) 
was used to generate the Raman images for cyanobacteria culture mixtures; 
a step size of 1 µm was used for the seawater samples. Raman images were 
analysed with LabSpec (HORIBA Scientific, UK), and were generated by 
classical least squares (CLS) modelling of hyperspectral data sets. At each 
image pixel, a linear combination of factors was calculated to estimate the 
measured spectrum, such that  
1
l
i ik k i
k
I a A 

 
 
where Ii is the i
th
 measured spectrum of the data set, Ak is the k
th
 loading 
input to the calculation, aij is the score of the spectrum Ii with respect to the 
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loading Ak, aijAk is a factor, and i is the error between the spectrum 
(measurement) iI  and the estimation 
1
l
ik k
k
a A

 .  
Loading spectra (Ak) were selected by averaging spectra from manually 
selected regions of interest (ROI) within the data set. The images display 
scores (aik) as a function of X and Y axis positions. The green or yellow 
colour in the Raman images indicated the 
12
C-carotenoids in cells, while the 
red colour indicated the 
13
C-carotenoids in cells (characterised by the red 
shifted resonance Raman peaks). In the Raman images of seawater samples, 
the purple colour was defined as the fluorescence because some organisms 
with autofluorescence were observed, which appeared as a broad, 
featureless spectrum without the expected sharper RR peaks.  
3.2.6 Raman spectra analysis 
All Raman spectra were recorded, smoothed and baseline-corrected using 
LabSpec. Spectra smoothing was performed by the Savitsky-Golay 
smoothing method. Positions of the SCRR bands were determined using 
LabSpec and were subsequently imported to SPSS 15 (IBM Corporation, 
NY, USA) for further analysis. The positions of SCRR Raman bands of 
Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 were 
analysed statistically to establish a relationship between the extent of red-
shift and 
13
C-content in cells. The wavenumbers of the Raman bands were 
plotted against the 
13
C content, with the error bars and linear regression lines 
(SPSS 15). Two-sample t-tests were performed in SPSS between the 
12
C 
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and 10.8 % 
13
C PCC6803 samples on three major bands of SCRR. MVSP 
3.13g (Kovach Computing Services, UK) was used to perform principal 
component analysis (PCA) for SCRR spectra.  
3.2.7 Absorbance analysis of Synechocystis sp. PCC 6803 
Five millilitres of Synechocystis sp. PCC 6803 were harvested by 
centrifugation at 3000 RCF for 5 min. The cells were then re-suspended in 
the same volume of phosphate buffer solution. To obtain a light absorbance 
spectrum of Synechocystis sp. PCC 6803, 200 µl of cells was scanned in the 
visible range using a microplate reader (Synergy 2, BioTek, VT, USA). The 
absorbance spectrum was recorded in triplicate with a spectral resolution of 
5 nm in the range of 400 - 750 nm. 
3.2.8 Mass Spectrometry analysis of 
13
C-content of Synechocystis sp. PCC 
6803 proteins 
Batches of Synechocystis sp. PCC 6803 cells were grown in BG-11 media 
with different percentages of 
13
C-bicarbonate (1.1, 10.8, 49.6, and 98 %) as 
the sole carbon source. The growth conditions were the same as described 
above. After 4 days’ growth, 5 ml of each culture were sampled for single-
cell Raman spectroscopy analysis. Meanwhile, 10 ml of each culture were 
taken and the cells were harvested by centrifugation at 4,000 RCF for 10 
min. Cells from each Synechocystis sp. PCC 6803 sample were re-
suspended in 0.2 ml of SDS sample buffer containing tracker dye and 0.05 
% (v/v) mercaptoethanol. After incubation at 90°C for 10 min, 15 µl was 
applied to a NuPAGE Bis-Tris gel (1.0 mm, 12 %; Invitrogen, Paisley, UK) 
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according to the manufacturer’s protocol. The gel was stained with colloidal 
Coomassie Blue (BioRad Laboratories, Hemel Hempstead, UK) and the 
same prominent protein band (at 50 - 75 kDa) excised from the four lanes 
(Figure S3.2). The bands were subjected to in-gel tryptic digestion 
according to a published protocol [121].  
The extracted peptides were separated on an UltiMate 3000 nanoflow liquid 
chromatography system (Dionex, Camberley, UK), using 5 mm × 300 µm 
(trapping) and 150 mm × 75 µm (analytical) PepMap C18 reverse-phase 
columns (Dionex). Linear gradient elution was from 97 % solvent A (0.1 % 
formic acid in 3 % acetonitrile) to 35 % solvent B (0.1 % formic acid in 97 
% acetonitrile) at a flow rate of 300 nL/min for 40 mins. On-line mass 
spectrometry was done on a Maxis UHR-TOF (Bruker Daltonics, Coventry, 
UK) using profile MS with automatic dependent MS/MS data acquisition. 
The nano LC-MS/MS data file corresponding to the incorporation 
experiment at natural isotopic abundance was used as input for database 
searching (Mascot software supplied by Matrix Science, London, UK) to 
identify the protein band and its component tryptic peptides. The 
13
C-
incorporation ratios in the samples were determined by comparison of the 
observed isotope distribution pattern of the representative peptide with the 
theoretical isotope distribution pattern generated using IsoPro v3.1 
(http://sites.google.com/site/isoproms).  
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3.3 Results 
3.3.1 Cells containing carotenoids display strong resonance Raman effect 
The absorption spectrum of Synechocystis sp. PCC 6803 in the visible range 
showed peaks at 440, 620 and 670 nm (Figure S3.3). Carotenoids absorb 
light in the 400 - 550 nm range [122], and the 532 nm laser for Raman 
excitation used in this study preferentially excites the carotenoids rather 
than the chlorophyll pigments.  
RR spectra of carotenoid molecules display characteristic Raman bands: v1, 
v2 and v3 (Figure 3.1). The sharp and strong v1 (stretching mode of the C=C 
bonds at about 1515 cm
-1
), v2 (stretching mode of the C-C bonds at about 
1155 cm
-1
) and v3 (deformation of the methyl groups at about 1003 cm
-1
) 
peaks can be unambiguously assigned to carotenoids [31, 119, 123]. The 
position of the v1 band varies according to the length of the conjugated 
carbon chain of carotenoids [31, 54, 119, 123]. The v2 band varies 
depending on the molecular conformation, and the v3 band is related to the 
carotenoid methyl groups [31, 54, 119, 123]. With the 532 nm laser 
excitation, the RR bands of carotenoids were so strong that the SCRR 
spectra of carotenoid-containing microorganisms predominantly displayed 
the v1, v2 and v3 Raman bands. The positions of the v1 band, in particular, 
varied significantly amongst different microorganisms, with the v2 and v3 
bands also affected to a lesser extent (Figure 3.1). We noted a variation of 
17.2, 1.7, and 4.9 cm
-1
 for v1, v2 and v3 band, respectively.  
47 
 
 
Figure 3.1 SCRR spectra of Synechocystis sp. PCC 6803, microalgae and 
bacteria with carotenoid pigments.  
The dominant Raman bands of SCRR spectra were from carotenoids, as 
shown by comparison with the spectrum of pure β-carotene.  
 
3.3.2 The red-shift of SCRR spectra due to 
13
C- incorporation  
Figure 3.2 shows the SCRR spectra of Synechococcus elongatus PCC 7942 
and Synechocystis sp. PCC 6803 grown in media supplemented with 
different proportions of 
13
C-bicarbonate. The RR bands of both species 
displayed Raman red-shift, the extent of which was dependent on the level 
of 
13
C-bicarbonate in the growth media. For Synechococcus elongatus PCC 
7942, the ν1, ν2 and ν3 bands shifted from 1522.0, 1157.7 and 1006.0 cm-1 
to 1484.9, 1128.2 and 989.5 cm
-1
, respectively (Figure 3.2). For 
Synechocystis sp. PCC 6803, the v1, ν2 and ν3 bands shifted from 1516.8, 
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1155.6 and 1004.3 cm
-1
 to 1480.9, 1125.3 and 988.6 cm
-1
, respectively 
(Figure 3.2). In the range of 1.1 - 98 % 
13
C, the v1 band had the greatest 
(about 36 cm
-1
) and the ν3 band had the smallest (about 16 cm-1) red-shift; 
the ν2 band had an intermediate red-shift measured about 30 cm-1 (Table 
3.1). This experiment encompasses the full range of labelling considering 
that the natural abundance of 
13
C is 1.1 % and the 
13
C content in 
13
C-sodium 
bicarbonate supplied by Sigma-Aldrich UK is 98 %. 
 
 
Figure 3.2 RR spectra of S. elongatus PCC 7942 and Synechocystis sp. PCC 
6803 grown in media containing different percentages of 
13
C-bicarbonate. 
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Table 3.1 Raman red-shift due to 
13
C-incoporation (cm
-1
) 
Carotenoid bands 
Synechococcus 
elongatus PCC 
7942 
Synechocystis sp. 
PCC 6803 
v1 37.1 35.9 
v2 29.5 30.3 
v3 16.5 15.7 
 
Figure 3.3 shows that the extent of the red-shift of the ν1, ν2 and ν3 Raman 
bands was proportional to the 
13
C content of cells, suggesting that the 
spectral red-shift can be used as a quantitative marker for 
13
C-incorporation. 
Linear regression of data obtained from twenty randomly chosen single cells 
from three biological replicates (Figure 3.3) demonstrated that the three 
Raman bands shifted in a linear manner (linear regression R
2
 > 0.9). It is 
notable that the red-shifts of the Synechocystis sp. PCC 6803 bands show 
distinguishable differences between the 
12
C (containing natural abundance 
of 1.1 % 
13
C) and 10.8 % 
13
C-cells (Figure 3.3). The t-tests of the ν1, ν2 and 
ν3 bands between the 12C and 10.8 % 13C samples indicate that these 
differences were significant (P-values < 0.001). The slopes of the ν1, ν2 and 
ν3 regression lines of Synechococcus elongatus PCC 7942 and 
Synechocystis sp. PCC 6803 were slightly different (Figure 3.3). However, 
for each cell type the ν1, ν2 and ν3 bands show a stepwise shift to lower 
energy wavenumbers with increasing 
13
C content in cells (Figure 3.2 and 
Figure S3.4), which makes it possible to establish a calibration to estimate 
the 
13
C content of a single cell based on its RR spectrum (Figure 3.3). PCA 
was carried out using the whole SCRR spectra and the results showed 
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distinct separations amongst samples with different 
13
C content (Figure 
S3.5). The largest PCA loadings at axis 1 and 2 were associated with the ν1 
and ν2 bands, indicating that these spectral features are the most important 
factors for the classification of the SCRR spectra based on their 
13
C content.  
 
Figure 3.3 Liner relationship between Raman red-shift and 
13
C content. 
Linear regression of the red shift of the ν1 (A), ν2 (B) and ν3 (C) bands of 
the 
13
C-incorporated Synechocystis sp. PCC 6803 single cells and the ν1 
(D), ν2 (E) and ν3 (F) bands of the 13C-incorporated S. elongatus PCC 7942 
single cells. Error bars show the standard error of 20 replicates. 
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3.3.3 Mass spectrometry results of the 
13
C-incorporation in cells matched 
SCRR analysis  
Mass spectrometry (MS) was applied to analyse 
13
C-incorporation in 
Synechocystis sp. PCC 6803. MS analysis of extracted proteins was used to 
determine the levels of 
13
C-incorporation in cells. The MS spectra of a 
representative peptide GGTQGIVGTTAANLNR [M+2H]
++
 identified in the 
protein Slr1841 of Synechocystis sp. PCC 6803 grown in 1.1, 10.8, 49.6 and 
98 % 
13
C is shown in Figure 3.4. The mass shift observed in the MS spectra 
is due to 
13
C-incorporation in the peptide (Figure 3.4). The percentage of 
13
C-incorporation was determined by comparing the observed and 
theoretical isotopic distribution patterns. The results showed that 
13
C content 
in the peptide were 1.1, 13, 54 and 96 %, respectively (Figure 3.4 and 
Figure S3.6). The SCRR spectral analysis of 20 randomly chosen single 
cells from each sample indicated that the corresponding samples contained 
respectively 1.1±0.4, 9.4±0.5, 51±0.7 and 95±0.6 % of 
13
C incorporated in 
the cells according to the calibration lines established in Figure 3.3. The 
results verified that the 
13
C content of single cells measured by SCRR 
spectroscopy indeed reflect the 
13
C-incorporation percentages in the whole 
cells.  
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Figure 3.4 Mass spectra of a representative peptide. 
Mass spectra of peptide GGTQGIVGTTAANLNR in protein Slr1841 of 
Synechocystis sp. PCC 6803 with different 
13
C-incorporation ratios. The 
mass-charge ratios of the modal ions are labelled. 
 
3.3.4 Raman images differentiate cells with different levels of 
13
C-
incorporation 
To demonstrate the potential of RR spectroscopy as an in situ functional 
imaging technique for photosynthetic microorganisms, two-dimensional 
Raman imaging was carried out on the three different cyanobacterial cell 
mixtures described in the Materials and Methods section (Figure 3.5). The 
spectra shown in Figure 3.5 are SCRR spectra taken at the centre of the 
circled cells with a 1 ms acquisition time. The optical images matched with 
the pseudo-colour Raman images as the green colour and the red/yellow 
colour indicate the locations of 
12
C- and 
13
C-incorporated single cells, 
respectively (Figure 3.5). Figure 3.5A shows a clear difference between 
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and 73.8 % 
13
C-incorporated cells. The SCRR-based Raman imaging was 
sensitive enough to distinguish a subtle difference between cells with 1.1 % 
and 10.8 % 
13
C content (Figure 3.5B and Figure 3.5C). As shown in Figure 
3.5C, the Raman images based on RR spectra were consistent with the 
known morphology of rod-like Synechococcus elongatus PCC 7942 cells 
and spherical Synechocystis sp. PCC 6803 cells.  
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Figure 3.5 Raman images of mixed cell cultures with different 
13
C content. 
Synechocystis sp. PCC 6803 grown in BG-11 medium supplemented with 
73.8 % 
13
C mixed with the same species grown in BG-11 medium 
supplemented with 
12
C (A); Synechocystis sp. PCC 6803 grown in BG-11 
medium supplemented with 10.8 % 
13
C mixed with the same species grown 
in BG-11 medium supplemented with 
12
C (B); Synechocystis sp. PCC 6803 
grown in BG11 medium supplemented with 10.8 % 
13
C mixed with S. 
elongatus PCC 7942 grown in BG-11 medium supplemented with 
12
C (C). 
Two Raman images were generated for each mixture based on the ν1 and ν2 
bands, respectively. 
13
C-cells are displayed in red and 
12
C-cells in green. 
Some 
13
C-cells had lower signal strength and are displayed in yellow. SCRR 
spectra are coloured to correspond to the 
13
C-cells and 
12
C-cells indicated by 
red and green circles, respectively. 
 
Figure 3.6 shows that Raman images can be used to distinguish 
13
C-labelled 
microorganisms at single-cell level within a complex microbial community 
in real seawater samples. The sample incubated with 
12
C-bicarbonate 
provided a reference to estimate 
13
C content of diverse photosynthetic 
microorganisms (Figure 3.6A). The Raman images in Figure 3.6B and 
Figure 3.6C suggest that after 8 days’ incubation with 13C-bicarbonate, 
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some species have started to incorporate 
13
C into their cell components. The 
Raman imaging results showed that the cells, tentatively identified as a 
microalga Tetraselmis sp. (cell 1b, 2b in Figure 3.6B and cell 2c in Figure 
3.6C) and diatom Phaeodactylum tricornutum (cell 4c, a tip of this triradiate 
shaped microorganism in Figure 3.6C) were actively fixing inorganic 
carbon source. Some cells were potentially photosynthetic species (e.g. cell 
3b in Figure 3.6B) but incorporated little 
13
C into the cells. Tetraselmis sp. 
and Phaeodactylum tricornutum were identified and designated by Zhang 
[124]. Figure 3.6C shows that at least four different species had 
incorporated 
13
C: Tetraselmis sp. strain, Phaeodactylum tricornutum and 
unidentified rod-shaped cells 1c and 3c, which show a red-shift of RR bands 
comparing with control cells grown in seawater with 
12
C-bicarbonate. Based 
on the red-shift of the RR bands as shown in Figure 3.6B (cell 1b and 2b) 
and Figure 3.6C (cell 2c), Tetraselmis sp. strain was estimated to had 
incorporated approximately 20 % 
13C into cellular compounds after 8 days’ 
incubation using the calibration lines in Figure 3.3. This estimation is based 
on the observation that the positions of the ν2 Raman bands in different 
species do not vary significantly as previously described. 
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Figure 3.6 Raman images of a seawater sample. 
Raman images of the seawater sample that was grown in original sea water 
supplemented with 2 mM 
12
C-bicarbonate (A) and 2 mM 
13
C-bincarbonate 
(B, C). Two Raman images were generated based for each sample on the ν1 
and ν2 bands, respectively. 13C-cells are displayed in red. Purple colour 
indicates the fluorescent region of the cells. SCRR spectra corresponding to 
the marked cells are shown. 
 
3.4 Discussion 
Raman spectra from single cells can be used as an intrinsic chemical 
‘fingerprint’ without external labelling [20, 26, 44, 57, 58, 78, 81, 82]. 
However, broad application of Raman spectroscopy in environmental 
microbiology is hindered by the naturally weak Raman signal. This study 
has demonstrated that by using carotenoids as internal markers, SCRR 
combined with SIP can distinguish and image CO2 fixing cells on a 
millisecond timescale. This method is also suitable for the in situ 
identification and imaging of CO2 fixing photosynthetic microorganisms in 
a quantitative manner and will therefore pave the way for the development 
of a Raman cell sorting device for metabolic analysis of large numbers of 
environmentally derived uncultured cells. 
Cyanobacteria are the largest, most diverse and widely distributed group of 
photosynthetic prokaryotes [125]. In this study, Synechococcus elongatus 
PCC 7942 and Synechocystis sp. PCC 6803 were used as model 
photosynthetic microorganisms to test the SCRR-SIP methodology. SCRR-
SIP was then applied to identify microorganisms that were actively fixing 
CO2 in real seawater samples (Figure 3.6), confirming that this technique 
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could be used to identify and isolate key photosynthetic microorganisms 
that carry out CO2 fixation in aquatic environments.  
In order to establish a reliable quantitative measurement of the 
13
C content 
of photosynthetic microorganisms based on the red-shift of SCRR, it was 
essential to grow cyanobacterial strains under conditions that minimise the 
effect of atmospheric CO2. Preliminary data showed that Synechocystis sp. 
PCC 6803 appears to utilise CO2 dissolved from the air rather than 
13
C-
bicarbonate in the growth medium. To eliminate any potential influence of 
CO2 from the atmosphere, the procedure described in this study was used.  
SIP is a method widely used to study carbon and nitrogen flow in 
ecosystems. Introducing stable isotope compounds into an environmental 
sample allows researchers to determine which organisms incorporate the 
substrates of interest. Both mass spectra and vibrational spectra can be used 
in combination with SIP for single cells. In terms of sensitivity, spatial 
resolution and quantitative detection, mass spectra-based methods such as 
secondary ion mass spectrometry (SIMS) are superior over those based on 
vibrational spectra such as Raman spectroscopy. However, SCRR is a non-
invasive method and provides chemical profiles of cells, whilst SIMS is a 
destructive technique and detects atoms and small ions but not molecules 
[58]. Nucleic acid-SIP is an effective method for revealing microbial 
ecological functions in native environments [57, 126-129]. It usually 
employs equilibrium density gradient centrifugation to separate and analyse 
13
C-containing nucleic acids [57, 126-129]. Due to the subtle differences in 
the physical properties between stable isotopes, it will be a challenge to use 
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the centrifugation-based SIP method for the isolation of 
13
C-incoporated 
DNA or RNA if the 
13
C content in nucleic acids is less than about 50 %. 
However, in this study, we have demonstrated that SCRR-SIP was 
sufficiently sensitive to distinguish between cells with 10 % and 1.1 % 
13
C 
content (Figure 3.3, Figure 3.4 and Figure S3.4). Applying the SCRR-SIP 
technique to real environmental samples also demonstrated that it was able 
to distinguish photosynthetic cells with only about 20 % 
13
C content (Figure 
3.6). Such a high sensitivity suggests that this technique may be useful in 
the following applications: 1) detection of 
13
C-incorporated single microbial 
cells at early stage of incubation, avoiding the cross-feeding problem in SIP 
and aiding the identification of the species that fix CO2; 2) observation of 
the dynamics of 
13
C-incorporation in different species by taking SCRR 
spectra or Raman images at different time points during the incubation. In 
Synechocystis, the measured red-shifts of the v1 and v2 bands at 10 % 
13
C-
incorporation were 7.5 and 2.8 cm
-1
 respectively, indicating that SCRR-SIP 
may be able to detect 
13
C-incorporation at levels even lower than 10 %. 
SCRR-SIP is a non-invasive technique that enables the recovery of cells 
after measurement. This is especially useful for the study of unculturable 
microorganisms. For example, the two unknown rod-shaped bacteria 
identified in Figure 3.6C appeared to fix CO2 but so far they have not been 
cultured, and further work is needed to confirm their photosynthetic ability. 
In certain habitats, a few species of non-photosynthetic chemolithotrophic 
bacteria which also contain carotenoids have been reported, though these 
types of bacteria appear to be rare [130]. In marine ecosystems, it is also 
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increasingly clear that non-photosynthetic autotrophic bacteria are 
widespread in, for example, oxygen minimum zones [131]. Thus it is also 
possible that autotrophic non-photosynthetic bacteria exist, and, 
interestingly, could be detected by this approach if used in future studies. 
The ν2 Raman bands appeared to vary in a narrower range (usually a few 
wavenumbers) in different species, making it a potential marker for 
13
C-
incoporation in unidentified photosynthetic microorganisms. However, for 
samples that consist of unknown species, the error of detection of 
13
C-
incorporation can be raised due to the uncertainty in the position of the RR 
bands, affecting the estimation of 
13
C-incorporation ratios. This indicates 
that a further investigation on the variation of the ν2 RR bands in different 
carotenoid-containing cells is required.  
To search and screen large numbers of single cells from environmental 
samples, a rapid Raman imaging technique has great potential. Taking 
Figure 3.5A as an example, a 90.5 × 74.7 µm Raman image that consists of 
27,000 Raman spectra/pixels was generated in about 5 minutes with 1 ms 
acquisition time per pixel. If we assume a grid of 2 µm × 2 µm contains a 
single cell, up to 10,000 single cells can be imaged in about 30 min. The 
Raman imaging time can be further reduced by using a more powerful 
computer, an optimised CCD detector and a refined spectrum readout 
strategy. It may also be possible to combine a laser micro-dissection system 
with this technique to selectively dissect and collect single microorganisms 
of interest for cultivation, genomic amplification and sequencing. In such a 
way Raman imaging may provide a direct metabolic profiling method for 
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environmental samples without cultivation, and could help to reveal the 
precise ecological role of large numbers of unstudied and uncultured 
microorganisms.  
 
3.5 Supplementary figures 
 
Figure S3.1 Degasification device for BG-11 medium. 
 
BG-11 medium
0.45 μm syringe 
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NaOH pellets
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65 
 
 
Figure S3.2 NuPAGE Bis-Tris gel of protein extracted from Synechocystis 
sp. PCC 6803 cells. 
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Figure S3.3 Light absorption spectrum of Synechocystis sp. PCC 6803 cells. 
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Figure S3.4 Raman red-shift of the three RR bands. 
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Figure S3.5 PCA results of SCRR spectra of Synechocystis sp. PCC 6803 
(A) and Synechococcus elongatus PCC 7942 (B). 
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Figure S3.6 Comparison between observed and theoretic isotopic 
distributions of the representative peptide extracted from Synechocystis sp. 
PCC 6803. 
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Chapter 4: Synthesis of silver and gold nanoparticles 
for the application of surface enhanced Raman 
scattering in environmental microbiology research 
 
4.1 Introduction 
Surface enhanced Raman scattering (SERS) was discovered in the 1970s 
[132-134]. In these pioneering SERS experiments, enhancement factors of 
10
5
 - 10
6
 were achieved from pyridine on the surface of a silver electrode. 
The general method to achieve a good SERS response is making a ‘direct’ 
or very close contact (less than 10 nm) between sample and SERS-active 
surfaces [37]. There are a variety of methods to prepare SERS-active 
surfaces and deposit samples on them [135-137].  
Like normal, or spontaneous, Raman spectroscopy, SERS has been used to 
generate unique chemical fingerprints of microorganisms [40, 138-145], and 
an excellent review article on this subject has been written [146]. The SERS 
effect takes place on roughened metal substrates and silver or gold are the 
most commonly used materials; patterned gold or silver surface and 
colloidal nanoparticles are often used as the SERS-active surfaces [147]. It 
has been generally agreed that there are two mechanisms that can contribute 
to SERS. Major enhancement comes from an electromagnetic mechanism 
based on the resonance of metal surface plasmon and the incident radiation; 
the charge transfer between the sample molecules and the metal substrate 
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may also enhance Raman signal [135, 136, 148]. In some SERS 
experiments, an enhancement factor up to 10
14
 was achieved, therefore 
single molecules could be detected by Raman spectroscopy [35, 72, 149]. A 
recent article provided more details about single molecule detection by 
SERS [150].  
In practice, SERS can be implemented together with other types of Raman 
spectroscopy to suit specific purposes, for example, surface enhanced 
resonance Raman scattering (SERRS) [151-154], surface enhanced hyper 
Raman scattering (SEHRS) [155, 156], and tip enhanced Raman scattering 
(TERS, a combination of SERS and atomic force microscopy) [157-160]. 
Thanks to its high sensitivity, SERS can be used as a rapid detection of the 
intrinsic chemical signatures of microorganisms. Comparing with 
fluorescence, which also gives strong signal, SERS provides molecular 
structural information as well as high signal to noise ratio.  
Zeiri and co-workers reported that by using aqueous redox reactions of 
AgNO3 and NaBH4, silver particles can be deposited on bacteria or 
synthesised inside bacteria; the consequent SERS spectra show high 
similarity between different bacteria species; these spectra are mainly from 
cell surface and dominated by riboflavin’s SERS signature [73, 142, 146]. 
Jarvis and Goodacre, for the first time, generated robust SERS signals from 
bacteria to allow the differentiation of microorganisms at species and strain 
levels [40]. Jarvis and co-workers recently reported that by using the ability 
of the bacterium Geobacter sulfurreducens to provide electron chain to 
extracellular metal ions reduction, silver particles can be deposited on cell 
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surface, and by an unclear mechanism gold particles can be generated inside 
cells, SERS spectra were recorded from both silver and gold labelled cells 
[138]. Premasiri and co-workers recorded SERS spectra of bacteria of 
different species by depositing cells on a gold nanoparticle-coated SiO2 
surface [161]; Patel and co-workers followed the same method to obtain 
SERS spectra of bacteria and demonstrated its potential capability to rapidly 
identify pathogens [162]. Kao and co-workers obtained reproducible SERS 
spectra from two bacterial strains on a gold/silver roughened surface and 
demonstrated that differences in SERS spectra can be observed between 
Gram-positive and Gram-negative bacteria [163]. Sujith and co-workers 
observed SERS spectra from silver nanoparticles-labelled living yeast cells 
and reported both spatial and temporal fluctuations in SERS spectra [164]. 
Shanmukh and co-workers obtained SERS spectra from different viruses 
deposited on a rough silver surface and achieved differentiation amongst 
different species [165]. 
Other than using SERS to obtain whole-microorganism spectra, its ultrahigh 
sensitivity can be used to probe specific biological molecules in novel 
molecular biological techniques, DNA/protein microarray and DNA 
sequencing, for example. SERS also makes microarrays more ‘colourful’: 
unlike fluorescent probes which often emit broad and overlapping bands, 
one can build more powerful multiplex assays with SERS probes because 
vibrational spectra contain much more information than fluorescence 
spectra. Sheng and co-workers developed and Reversed-Phase High 
Performance Liquid Chromatography (HPLC) coupled with Raman 
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spectrometer and used SERS to detect purine bases at nmol / mmol level 
[166]. Vo-Dinh and co-workers synthesised a new SERS gene probe by 
attaching a Raman chromophore to DNA fragments and DNA hybridised 
with this probe was detected on a SERS-active substrate [167]; Isola and co-
workers used similar SERS gene probe as primer in polymerase chain 
reaction (PCR) and gene sequences of Human immunodeficiency virus 
(HIV) were detected by a similar method [168]. Kneipp and co-workers 
demonstrated that without introducing any external labelling, a single 
adenine molecule was detected by SERS spectra [33]. Cao and co-workers 
developed a SERS-based DNA microarray by hybridising SERS-active 
particles with immobilised DNA on a chip; these particles were gold 
nanoparticles functionalised with oligonucleotides and Raman 
chromophores [169]. Chen and co-workers developed a protein microarray 
based on SERS spectra of functionalised 
12
C and 
13
C carbon nanotubes 
[170]. SERS, as a vibrational spectroscopic method, may also be used to 
investigate distortion in enzyme complexes because the slight changes in 
chemical bonds are hardly detectable by other method, for instance, X-ray 
crystallography and nuclear magnetic resonance (NMR) [171]. 
SERS has brought many new techniques and insights into microbiology and 
it is under a rapid development [143]. At whole-microorganism level, 
greatly enhanced Raman signals can provide a better basis for 
characterisation of microorganisms than spontaneous Raman spectra. SERS 
can be also used to dramatically enhance signal from certain molecules in 
microorganisms and exclude interferences of other molecules, for example, 
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one can design a selective bonding between metal nanoparticles or external 
Raman chromophores and the biological molecules of interest; in another 
word, SERS provides an alternative labelling method to conventional 
procedures such as fluorescent labelling, isotope labelling etc. SERS has 
also shown its potential as an imaging technique [172-174].  
The main drawback of techniques based on SERS spectra is the difficulty in 
obtaining consistently reproducible spectra from samples, particularly those 
with great biochemical complexity such as microorganisms. It is well 
understood that SERS spectral profiles are greatly influenced by the 
absorbance geometry of analytes, and since this leads to both qualitative and 
quantitative variance in measurements (even from the same sample), there 
are still challenges to overcome in the analysis of these data. 
The main purpose of adopting SERS in this thesis is to enhance Raman 
signal of single microorganisms so that a high-throughput Raman activated 
sorting system (RACS) can be built. RACS will be built by combining a 
confocal Raman microscope and a microfluidic chip; therefore colloidal 
nanoparticles can provide suitable SERS-active surfaces. Silver and gold 
nanoparticles in different sizes can be purchased easily. However, many 
commercially available nanoparticles had insufficient effect during our 
preliminary experiments with Escherichia coli DH5α and Acinetobacter sp. 
ADP1, possibly caused by the fact that they are usually stabilised by 
negatively charged citric acid ions and bacteria often have negative surface 
charge as well. In order to bring SERS-active nanoparticles to the vicinity of 
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bacteria surface molecules, this chapter reports two methods to synthesise 
and label bacteria with silver and gold nanoparticles. 
Method 1 was similar to the method used in two published papers [73, 142]. 
But significantly lower concentration of the strong reductant (10 µM instead 
of 0.1 M) was used to avoid the damage of cellular structure. Some other 
changes were made to avoid nanoparticles being formed in solution rather 
than on the surface of bacteria. The nanoparticles synthesised in Method 1 
should be almost free from surface coating and attached to bacteria surface. 
Method 2 was designed so that silver nanoparticles with positive surface 
charge can be synthesised. Cysteamine was chosen to coat and stabilised 
silver nanoparticles in Method 2. Cysteamine is a small molecule with a 
thiol group on one end of its short C-C chain and an amine group on the 
other end. Thiol group can form stable bond with gold and silver surface 
very rapidly at room temperature which has been used widely in recent 
years in nanotechnology [175-178]. We hypothesise that silver nanoparticles 
will form permanent bonds with the thiol groups of cysteamine leaving their 
amine tails interacting with water, which makes the whole nanoparticle 
positively charged and stable in aqueous solution. Some studies suggested 
that sulphur’s electron orbits exhibit a sp3-hybridisation when bound with 
gold but a sp-hybridisation with silver [179]. Therefore the bond angle C-S-
Ag should be near 180° on the surface of silver nanoparticles.  
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4.2 Materials and Methods 
All chemicals were purchased from Sigma-Aldrich UK unless otherwise 
stated. 
4.2.1 Bacterial Strains and Growth Conditions 
Two Gram-positive bacteria species (Bacillus sp. Strain2 and Rhodococcus 
sp. RC92), and three Gram-negative bacteria species (Acinetobacter sp. 
ADP1, Escherichia coli DH5α and Pseudomonas putida UWC1) were 
incubated in lysogeny broth (LB, for 24 h) or 30 mM glucose-minimal 
medium (MM, [180], for 72 h), respectively (Table 4.1).  
 
Table 4.1 Bacterial species and growth conditions 
Strain Growth Medium Incubation 
Temperature 
Source 
ADP1 LB/
12
C-glucose in 
MM/
13
C-glucose in 
MM/
12
C-glucose in 
15
N-MM 
30 °C * 
Strain 2 LB/
12
C-glucose in 
MM/
13
C-glucose in 
MM/
12
C-glucose in 
15
N-MM 
25 °C # 
DH5α LB 37 °C * 
UWC1 LB 25 °C * 
RC92 LB 30 °C * 
Note: (1)*: Dr. Wei Huang’s (The University of Sheffield) collection. (2)#: 
Provided by Dr. Owen L Petchey (The University of Sheffield). 
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4.2.2 Labelling bacteria with silver and gold nanoparticles: Method 1 
After cultivation, bacteria were collected by centrifugation (3000 RCF, 
10min) and re-suspended in ultrahigh quality (UHQ) water (PURELAB 
Ultra water purification system, ELGA, UK). This procedure was repeated 
three times to remove growth media. Washed cells were then re-suspended 
in 10 µM sodium borohydride solution. Sodium borohydride solution (10 
µM) was prepared by diluting ice-cooled 0.1 M sodium borohydride 
solution in ice-cooled UHQ water. The bacteria in 10 µM sodium 
borohydride were kept in a 25 °C incubator for 30 min. Extracellular sodium 
borohydride was removed by vacuum filtration using 0.2 µm membrane 
filters (Millipore, USA) and residual sodium borohydride was leached by 
adding UHQ water during filtration (5ml, repeated three times). Membrane 
filter with bacteria was then transferred into 1 mL UHQ water in an 
Erlenmeyer flask. Simple shaking or 10 s of sonication was applied to 
remove cells from the membrane filter into water. Sonication method was 
described previously [181]. ‘Washed’ membrane filter was then removed 
from Erlenmeyer flask and 500 µl of 0.1 M AgNO3 solution or 0.01 M 
KAuCl4 solution was added. The Erlenmeyer flask was then kept in dark 
under room temperature and for 30 min. The final procedure was washing 
silver/gold nanoparticles labelled cells by UHQ water three times using 
centrifugation as described above. 
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4.2.3 Labelling bacteria with silver nanoparticles: Method 2 
Silver nanoparticles were synthesised first and mixed with cells for labelling 
in Method 2. Sodium borohydride solution (10 mM) was prepared by 
diluting ice-cooled 0.1 M sodium borohydride solution in ice-cooled UHQ 
water. Cysteamine solution was prepared fresh before synthesis. Silver 
nanoparticles were synthesised in two steps: 1) pre-mixing sodium 
borohydride solution (10 mM, 0.6 mL), cysteamine solutions (10 mM, 0.3 
mL) and UHQ water (28.5 mL) at room temperature; 2) adding silver nitrate 
solution (10 mM, 0.6 mL) to the mixture while stirring, and continuing 
stirring for another 10 min. Concentration of AgNO3 in the final reaction 
mixture was 0.2 mM. In order to separate bigger particles (aggregated 
particles) from the colloidal solution, it was centrifuged at 16,000 RCF for 5 
min, and the supernatant was used to label bacteria. Only E. coli DH5α was 
labelled in Method 2. E. coli cells were grown in LB broth and washed three 
times as described before. In the final washing step, silver nanoparticle 
colloidal solution, instead of UHQ water, was used to re-suspend pelleted 
cells, therefore the concentrations of nanoparticles and cells were nearly 
unchanged from the colloidal solution and growth medium, respectively. 
The mixture of nanoparticles and cells were kept at room temperature for 5 
min with occasional shaking. The final step was washing labelled cells by 
UHQ water three times using centrifugation as described above. 
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4.2.4 Measurement of zeta potential of silver nanoparticles 
Zeta potential measurement was performed with a Malvern Zetasizer Nano 
series zeta sizer (Malvern Instruments Ltd., UK). Standard sample cells and 
protocol for nanoparticles were used. Measurement was done in triplicates. 
Zeta potential measurement was only performed on nanoparticles 
synthesised in Method 2. 
4.2.5 Raman Spectroscopy 
Raman spectra were acquired using a LabRAM HR 800 confocal Raman 
microscope (Horiba Jobin Yvon Ltd., UK). Its spectral resolution is about 
1.5 cm
-1 
using the 600 VIS grating. Cells were air-dried on quartz 
microscope slides before spectrum acquisition. A 100x dry objective (NA = 
0.90, Olympus) was used to focus laser on well separated single cells and 
collect Raman signal. A 50x dry objective (NA = 0.55, Leica) was used for 
thick specimen, e.g. riboflavin powder. Raman spectra of single cells were 
taken using a 633 nm He-Ne laser with a laser power of approximately 7 
mW on single cells and an acquisition time of 10 - 30 s. 
4.2.6 Transmission Electron Microscopy (TEM) 
A Phillips Technai 80 kV transmission electron microscope was used to 
acquire electron microscopic images of bacteria samples. Samples from 
Method 1 were prepared following standard procedures for fixing, 
embedding and sectioning of biological samples [182]. Samples from 
Method 2 were not embedded or sectioned to retain the visibility of small 
nanoparticles. 
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4.2.7 Energy-dispersive X-ray spectroscopy (EDX) 
 A JEOL 6480 LV scanning electron microscope (SEM) equipped with an 
Oxford Instruments INCA X-ray analysis system was used for the EDX 
analysis. The operation voltage was 15 kV. The EDX spectroscopy analyses 
the characteristic X-rays produced by the interaction between the primary 
electron beam and the sample. The EDX analysis identifies all elements 
present with atomic numbers of 5 (boron) and greater with a detection limit 
of approximately 0.3 % weight. All samples for the EDX analysis were 
prepared following standard procedures for fixing and embedding of 
biological samples [182]. EDX analysis was only performed on samples 
from Method 1. 
4.2.8 Spectral Data Analysis 
Raman spectra were recorded and displayed using Labspec software (Horiba 
Jobin Yvon Ltd., UK). Principle component analysis (PCA) was done using 
MVSP software (version 3.13g, Kovach Computing Services, UK). Whole-
spectrum normalisation was performed before PCA to normalise the total 
integral peak area of each spectrum to a fixed value. 
 
4.3 Results and Discussion 
4.3.1 Bacteria labelled in Method 1 
As shown in Figure 4.1, SERS labelling dramatically enhanced the Raman 
signal from a single bacterium. Comparing with the control sample without 
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SERS labelling, the Raman spectrum was enhanced from ‘no signal’ to a 
SERS spectrum with strong Raman bands and high signal-to-noise ratio. 
The enhancement factor is difficult to estimate in this study, because 
without SERS labelling, increasing acquisition time to even 1000s did not 
yield any band at the position of strong SERS bands. In labelling Method 1, 
SERS spectra were found to be temporally reproducible (no significant 
change was observed when acquiring spectra from a cell consecutively) and 
relatively consistent between individual cells. SERS spectra were compared 
to all the reagents used in Method 1 and they were not similar to any of the 
spectra of reagents. It indicates that observed SERS bands may be of 
bacteria surface molecules. The TEM images (Figure 4.2) of ADP1 cells 
labelled with silver nanoparticles show that the silver particles were 5 - 20 
nm in size and associated with the surface structure of bacteria. No 
nanoparticles were observed on unlabelled cells (Figure 4.3). The type and 
strength of interaction between nanoparticles and bacteria surface are still 
unknown. However, the nanoparticles were not removed by washing steps 
or during TEM sample preparation. 
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Figure 4.1 Comparison of SERS and normal Raman spectra. 
Comparison of single cell Raman spectra (raw data) between a normal 
ADP1 cell (blue) and an ADP1 cell labelled with silver nanoparticles (red). 
Both cells were from the same liquid LB culture. 
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Figure 4.2 TEM images of ADP1 cells labelled with silver nanoparticles.  
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Figure 4.3 TEM images of ADP1 cells without SERS labelling (control). 
 
As shown in Figure 4.4 and Figure 4.5, EDX spectrum of ADP1 cells 
labelled with silver particles shows strong silver bands whilst no silver 
signal was detected in the EDX spectrum of ADP1 cells without SERS 
labelling.  
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Figure 4.4 EDX spectrum of ADP1 cells labelled with silver nanoparticles. 
 
 
Figure 4.5 EDX spectrum of ADP1 cells without SERS labelling (control). 
 
Figure 4.6 compares SERS spectra of different bacterial species. For each 
species, 20 randomly chosen single cells were measured and an averaged 
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spectrum was derived from their spectra. No significant difference was 
shown in the spectra and no visible clustering is observed in the plot of the 
first two principle components of PCA. The two strongest peaks in all SERS 
spectra were at 1325 cm
-1
 and 1359 cm
-1
. Other peaks were observed at: 887 
cm
-1
, 970 cm
-1
, 1146 cm
-1
, 1224 cm
-1
, 1239 cm
-1
, 1292 cm
-1
, 1399 cm
-1
, 
1443 cm
-1
, 1508 cm
-1
. Unfortunately, these peaks and other broader bands 
have not been assigned due to the lack of complete understanding of this 
heterogeneous reaction which formed the silver nanoparticles. The 
similarity between SERS spectra of different species indicates that 
nanoparticles might have labelled similar molecules in all the samples. 
Because the SERS effect is known to be only effective in short distance, the 
origin of SERS signal in this study is likely to be the surface structures of 
bacteria.  
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Figure 4.6 Comparison of single cell SERS spectra. 
Comparison of single cell SERS spectra (averaged and normalised spectra 
from raw data) of different bacterial species. All bacteria were from liquid 
LB culture and labelled with silver nanoparticles. DH5α, UWC1 and RC92 
cells were labelled twice by the same method, since the first labelling 
resulted in spectra of relatively low signal-to-noise ratio. 
 
However, the similarity of SERS spectra may also result from 
contamination introduced by the labelling process. Contamination is a very 
important issue in any SERS studies, because very low level of 
contamination, if absorbed on the SERS-active surface, may generate strong 
SERS signal.  
The effect of culture media was tested on ADP1 cells. No significant effect 
was found (Figure 4.7), although the SERS spectra of ADP1 grown in 
glucose-MM were better in terms of signal-to-noise ratio. The effect of the 
type of metal nanoparticles was also tested (Figure 4.8): by changing silver 
nanoparticles to gold nanoparticles, no significant difference was observed 
for ADP1 cells grown either in glucose-MM or LB. SERS spectra of ADP1 
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cells grown in LB and labelled with gold nanoparticles retained a noticeable 
feature of spontaneous Raman spectra of bacteria: the 1001 cm
-1 
phenylalanine/substituted benzene derivatives peak, which was usually 
missing in SERS spectra of this study. The reductant, sodium borohydride, 
was also tested for possible contamination. An alternative method was 
designed to generate silver nanoparticles without borohydride: (1) Sodium 
borohydride solution was replaced by 0.85% sodium chloride saline; (2) 
after residual silver nitrate solution was washed away, cells were suspends 
in UHQ water and exposed to UV light for 5 minutes. The resultant SERS 
spectrum is shown in Figure 4.9. Although the relative intensity of the 
SERS bands was changed, no significant difference was observed between 
the SERS spectra of this alternative labelling and normal labelling. In 
summary, culturing media and reagents may affect the signal-to-noise ratio 
of SERS spectra, but did not change any main features of them. Therefore, 
SERS signal observed in this study was likely to come from bacteria surface 
molecules. 
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Figure 4.7 The effect of growth media on SERS spectra. 
SERS spectrum of ADP1 grown in MM-glucose medium (blue) and LB 
broth (red) (silver nanoparticles, averaged and normalised spectra from raw 
data) 
 
 
Figure 4.8 SERS signal from silver and gold nanoparticles. 
The SERS spectrum of ADP1 cells labelled with silver nanoparticles (blue), 
gold nanoparticles (green) and LB-grown ADP1 labelled with gold 
nanoparticles (red) (averaged and normalised spectra from raw data) 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
In
te
n
si
ty
700 800 900 1 000 1 100 1 200 1 300 1 400 1 500 1 600 1 700
Raman shift (cm-1)
x100_633nm_full power_10s_ADP1 Glc Ag_M
x100_633nm_full power_10s_ADP1 LB Ag_M
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
In
te
n
si
ty
700 800 900 1 000 1 100 1 200 1 300 1 400 1 500 1 600 1 700
Raman shift (cm-1)
x100_633nm_full power_10s_ADP1 Glc Ag_M
x100_633nm_full power_10s_ADP1 Glc Au_M
x100_633nm_full power_ADP1 LB Au_M
93 
 
 
Figure 4.9 The effect of reductant on SERS spectra. 
The SERS spectrum of normal labelling (blue) and NaCl labelling (red) 
(averaged and normalised spectra from raw data) 
 
Figure 4.10, Figure 4.11 and Figure 4.12 compare SERS spectra between 
stable isotope labelled and unlabelled ADP1 and Strain2 cells. Raman red-
shift was observed in the SERS spectra of 
13
C-labelled bacteria as indicated 
by the red arrows in the figures. No significant red-shift was found in 
15
N-
labelled bacteria. However, the strongest bands were not affected by the 
stable isotope labelling.  
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Figure 4.10   
13
C-Raman red-shift in SERS spectra. 
The comparison of SERS spectra (averaged and normalised from raw data) 
between normal ADP1 cells (blue) and ADP1 cells cultured in 
13
C-medium 
(red) 
 
 
Figure 4.11   
13
C-Raman red-shift in SERS spectra. 
The comparison of SERS spectra (averaged and normalised from raw data) 
between normal Strain2 cells (blue) and Strain2 cells cultured in 
13
C-
medium (red) 
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Figure 4.12   
15
N-Raman red-shift in SERS spectra. 
The comparison of SERS spectra (averaged and normalised from raw data) 
between normal Strain2 cells (blue) and Strain2 cells cultured in 
15
N-
medium (red) 
 
This study employed a SERS labelling method similar to Zeiri and co-
workers’ method, who suggested that the SERS signal was dominated by 
flavin molecules [73, 142]. However, SERS spectra in this study were not 
similar to the Raman spectrum of riboflavin (Figure 4.13). This study is 
consistent with Zeiri and co-workers’s findings that SERS spectra of 
different bacterial species were very similar to each other, which indicates 
that silver and gold nanoparticles may have high affinity to specific 
biological molecules that present universally in different species. 
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Figure 4.13   SERS spectra of ADP1 and the Raman spectrum of riboflavin. 
The comparison between ADP1 SERS spectrum (blue) and the spectrum of 
riboflavin powder (red) (averaged and normalised from raw data) 
 
4.3.2 Bacteria labelled in Method 2 
Silver nanoparticle colloidal solution made in Method 2 had a characteristic 
yellow colour of silver nanoparticles. After being mixed with bacteria cells, 
the solution turned to almost colourless and the pellet of cells turned from 
pale yellow to dark yellow, indicating that almost all the silver nanoparticles 
were absorbed on the bacteria surface. TEM images of the synthesised silver 
nanoparticles are shown in Figure 4.14. TEM images of E. coli strain DH5α 
labelled by the silver nanoparticles are shown in Figure 4.15. Silver 
nanoparticles had irregular shapes and sizes ranging from about 5 to 30 nm, 
and DH5α cells were coated by large number of silver nanoparticles.  
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Figure 4.14   TEM images of silver nanoparticles synthesised in Method 2. 
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Figure 4.15   TEM images of DH5α cells labelled by silver nanoparticles in 
Method 2. 
 
Zeta potential of the synthesised silver nanoparticles showed a very weak 
positive surface charge of 0.0131 mV (averaged from the three replicates in 
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Figure 4.16), which suggests that this colloid is not stable and should be 
synthesised and used fresh. Residual anions from the reduction of silver ions 
may absorb to the surface of nanoparticles and neutralise their positive 
surface charge.  
However, Raman spectra of bacteria labelled by silver nanoparticles in 
Method 2 were featureless and without any band or peak.  
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Figure 4.16   Zeta potential of synthesised silver nanoparticles. 
 
4.4 Suggestion for future research 
This chapter reports some preliminary results of SERS labelling attempt. 
Results of Method 1 show that silver nanoparticles were successfully 
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synthesised on the surface of bacteria and the resultant SERS spectra may 
represent certain biological molecules on bacteria surface. However, the 
main SERS bands were not red-shifted by 
13
C- or 
15
N-labelling, which 
raises the question of possible chemical contamination during the SERS 
labelling process. Further investigation is needed in order to: 1) rule out any 
possible chemical contamination, 2) assign these bands 3) explain the 
selective attachment of silver nanoparticles to specific bacteria surface 
molecules. Method 2 provides a rapid and simple protocol of one-pot room-
temperature synthesis for cysteamine coated and positively charged silver 
nanoparticles. These nanoparticles showed very high affinity to E. coli cell 
surface but did not generate any meaningful spectra. Method 2 is 
expandable because the nanoparticles’ surface amine groups can be 
covalently linked to biologically abundant carboxylic groups using 
commercially available kits, which often contain the combination of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide. 
In order to assess the feasibility of using the nanoparticles in Method 2 for 
environmental microbiology research, a simple and well studied substance 
with known Raman spectrum should be used to substitute bacteria cells 
during the labelling. Uniform micrometer sized polymer beads may serve 
this purpose. Further study to improve Method 2 should also be made to 
produce nanoparticles with uniform size. 
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Chapter 5: Monitoring carbon flow in a food chain 
model and revealing metabolic pathways using stable 
isotope probing and Raman spectroscopy 
 
5.1 Introduction 
The combination of stable isotope probing (SIP) with Raman spectroscopy 
has been a novel and valuable addition to the methods available to 
researchers in microbiology [20, 22], microbial ecology [21, 58, 82] and 
clinical research [81]. Raman spectra of living organisms are the signatures 
of their chemical composition and indicate the identity, phenotypic features 
and physiological status of the sample [20]. Combined with SIP, Raman 
spectroscopy can quantify the 
13
C content in single microbial cells [20]. The 
Raman-SIP method has been used to determine bacterial species involved in 
biodegradation processes [26, 57], reveal the extracellular activity of a 
human pathogen [81] and quantify carbon dioxide fixation at single-
bacterium level [21]. The Raman-SIP method can potentially track carbon 
flow in a complex community in a quantitative and non-destructive manner. 
This study demonstrates that the Raman-SIP method can track carbon flow 
quantitatively in a model food chain that consists of an organic carbon 
source, bacteria and soil nematodes. From detailed examination of the 
spectral data, it is shown that the Raman-SIP method can provide another 
layer of information regarding the biochemical pathways leading to the 
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synthesis of crucial biological molecules. This study may bring a new 
research tool to microbial ecology and biophysical/biochemical science. 
Soil bacteria form the basis of soil food webs and drive numerous soil 
processes, such as nutrient turnover, phytohormone production and 
pathogen suppression [183]. In the rhizosphere, bacteria are top-down 
regulated, and predation has important consequences on the structure and 
functioning of the microbial community [184]. Nematodes are amongst the 
main consumers of bacteria in terrestrial ecosystems. Understanding the 
nutrient flows between bacteria and nematodes is of central importance for 
the reconstruction of soil food webs and reliable prediction of nutrient 
cycles. Recently, SIP has revolutionised research on predator-prey 
interactions in soil, allowing the fate of 
13
C-labelled substrates to be 
followed to bacteria [185], protozoa [186, 187] and meso- and macrofauna 
[188]. At microbial level, most SIP experiments use a combination of 
13
C 
labelling and nucleic acid fractionation by ultracentrifugation. This method 
has greatly enriched our knowledge of microbial communities and can be 
used, for example, to investigate active root-associated communities [189] 
and uncover the complex links between bacteria, fungi and protozoa [185]. 
However, this method is destructive, time consuming and requires a high 
degree of labelling (usually 50% 
13
C or more) to ensure efficient separation 
of 
13
C- from 
12
C-labelled nucleic acids and would therefore neglect 
organisms which incorporate the labelled substrate less quickly or grow at a 
slower rate. In contrast, Raman spectroscopy is non-destructive and requires 
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less time. As shown in this study, it also detects 
13
C labelling in almost the 
entire range from 1.1 to 99 %. 
The detection of 
13
C-incorporation is achieved by measuring the isotopic 
shift (red-shift of Raman bands) caused by the slightly heavier 
13
C-atoms. 
Raman red-shift was observed in single cells at many positions across the 
spectra which correspond to amide, nucleobases, phenylalanine, etc.; red-
shifted bands are potential quantitative spectral markers for 
13
C content of 
the sample [20]. However, owing to the complex nature of cells, many of 
those red-shifted Raman bands overlap with other bands and therefore 
quantitative spectral markers for 
13
C content are very limited.  
The Raman band of phenylalanine is a well established marker for 
13
C-
incorporation at single-cell level [26]. It is a sharp band at about 1001 cm
-1
 
with limited interference from other Raman bands. It is almost universally 
observed in any type of cell. In this study, we report a new quantitative 
Raman spectral marker for 
13
C in single nematodes. This marker appears at 
about 747 cm
-1
 in 
12
C-nematode samples and it was assigned to thymine. 
The nature of the isotopic shifts of phenylalanine and thymine Raman bands 
are noticeably different. Through careful examination of this difference, this 
study reveals a new link between Raman spectra and biosynthetic pathways. 
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5.2 Materials and Methods 
5.2.1 Bacteria and nematode growth conditions 
Escherichia coli OP50 were maintained on lysogeny broth (LB) agar plates 
at 37 °C. Prior to the experiment, one colony was picked and grown 
overnight in OS minimal medium [190] supplemented with a mixture of 
12
C- and 
13
C-glucose (both from Sigma-Aldrich, St-Louis, USA) as the sole 
carbon source. We set up an isotopic gradient comprising 1.1 (natural 
abundance), 2.1, 6.0, 11, 21, 50, 89 and 99 % 
13
C, at a total concentration of 
25 mM glucose. To ensure reliable labelling, bacteria were grown overnight, 
and a 100 µL aliquot was used to start a new 10 mL culture at the same 
isotopic ratio. Bacteria were then pelleted by centrifugation (16,000 g, 2 
min), washed three times in M9 buffer to remove remaining nutrients, and 
concentrated in 50 µL M9 buffer. M9-agar plates without carbon were 
seeded with the labelled E. coli and kept at 4°C until start of the experiment. 
Caenorhabditis elegans were routinely grown in NGM plates seeded with E. 
coli OP50. Prior to experiments, eggs were scrapped down the plate and 
sterilised with 1 % NaClO for 5 min, and washed according to standard 
procedures. About 50 eggs were placed on each agar plate (three plates for 
each isotopic ratio and time point) and incubated at 20 °C in the dark. After 
5, 10, 15 and 20 days, nematodes were washed off the plates with 1 mL M9 
buffer; the worms were collected by gentle centrifugation (20 g, 1 min) and 
washed three times with M9 buffer to remove bacteria; worms were then 
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fixed in 1 % formaldehyde and analysed by Raman micro-spectroscopy as 
described below. 
5.2.2 Raman micro-spectroscopy 
Each nematode or bacteria sample suspension (5 - 10 µL) was spread on a 
calcium fluoride slide and allowed to air dry prior to Raman analysis. 
Raman spectra were acquired using a confocal Raman microscope 
(LabRAM HR, HORIBA Scientific, UK) equipped with an integrated 
Olympus microscope (model BX41). A 100 × magnifying dry objective 
(NA=0.90, Olympus, UK) was used to observe samples and acquire Raman 
signal. The laser beam was targeted on samples visually using an integrated 
camera and a motorised XYZ stage (0.1 µm step). Raman scattering was 
excited with a 532 nm Nd:YAG laser (Torus Laser, Laser Quantum, UK). 
The laser power on a sampling point was about 3.5 mW. Raman spectra 
were recorded by a -70 °C-cooled CCD detector (Andor, UK). The system 
was run with a confocal pinhole diameter of 100 µm, enabling a spatial 
resolution of approximately 1 µm. Each Raman spectrum was acquired 
between the range 2172 cm
-1
 and 557 cm
-1
, with 1021 data points and 
spectral resolution of about 1.5 cm
-1
. LabSpec software (HORIBA 
Scientific, UK) was used to control the Raman system and acquire Raman 
spectra. Acquisition times of Raman spectra were 5-10 s for nematodes and 
30 s for bacteria. In each nematode sample, a few worms were randomly 
chosen and measured at multiple points alongside their bodies. Spectra 
smoothing was performed by the Savitsky–Golay smoothing method in 
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LabSpec. Microsoft Excel 2007 was used to process and analyse spectral 
data. 
5.2.3 Calculation of the wavenumbers of phenylalanine Raman bands and 
thymine Raman spectra 
The equilibrium geometry of the phenylalanine molecule was obtained at 
the B3LYP/6-31G** level of theory using the GAUSSIAN09 package 
[191]. Raman frequencies of phenylalanine were calculated in the harmonic 
approximation for the isotopomers 1 to 8 derived by 
13
C/
12
C substitution 
(Figure S5.4). The structure of thymine was optimised and checked using 
the same procedure. The Raman frequencies and intensity constants of the 
32 possible isotopomers of thymine derived by 
12
C/
13
C substitution were 
calculated using the same method (Figure S5.6). The thymine Raman band 
was calculated by superposition of the 32 possible isotopomers of thymine. 
Each isotopomer was treated as an individual Raman band and these 32 
bands were simulated using both Gaussian and Lorentzian lineshape 
functions. 
The probability Pi of any isotopomer i of thymine was calculated using the 
following function: 
        
        
where p is the fractional 
13C content (0 ≤ p ≤ 1) and zi is the number of 
13
C-
atoms in the isotopomer. 
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As described in the main text, any isotopomer i has a calculated Raman 
frequency bi, and an intensity constant Ei. Their full width at half maximum 
(FWHM) was set to equal that of the observed thymine Raman bands at 1.1 
% and 99 % 
13
C, which is about 12 cm
-1
. For any isotopomer i of thymine, 
the Gaussian function representing the individual Raman band is: 
         
 
      
 
    
where, 
  
    
      
 
If we assume that 
         
  
  
     
and note that integral of the Gaussian function is: 
         
  
  
       
the pre-exponential factor is: 
   
    
    
 
Similarly, the Lorentzian function representing the Raman band of 
isotopomer i is: 
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If we assume that 
        
  
  
      
and note that the integral of the Lorentzian function is: 
        
  
  
    
we derive: 
        
Finally, Raman spectra of thymine at six 
13
C levels (p = 1.1, 11, 21, 50, 89, 
99 %) were simulated using: 
                
  
   
 
or 
                
  
   
 
Simulated Raman spectra based on both Gaussian and Lorentzian functions 
were plotted using Microsoft Excel 2007 (Figure 5.5A and Figure 5.5B). 
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5.3 Results  
5.3.1 Using Raman red-shift to track carbon flow in a model predator-prey 
system 
In this study, Escherichia coli were labelled with 1.1 to 99 % 
13
C by 
growing them on 
13
C-labelled glucose. 
13
C-labelled bacteria were then fed to 
the nematode model strain Caenorhabditis elegans. It has been previously 
demonstrated that Raman spectroscopy is a reliable, quantitative and simple 
method to detect carbon flow from carbon substrates to single bacteria cells 
[21, 81]. 
13
C-labelling of bacteria from 1.1 to 99 % is shown in Figure 5.1A. 
As shown in Figure 5.1B, Raman spectra of nematodes fed by 
13
C-bacteria 
showed distinctive red-shift similar to that of bacteria [20]. This result 
indicates that Raman spectra of single nematodes are a good measurement 
for 
13
C-incorporation at single-organism level, and can therefore track the 
nutrition flow from carbon source, via microbial cells, up to multicellular 
predators.  
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Figure 5.1 Using Raman spectra to track carbon flow in a food chain.  
Examples of Raman spectra of 
13
C-labelled E. coli (A) and C. elegans fed 
by the labelled E. coli (B). Shaded areas are the red-shirted phenylalanine 
and thymine bands (A and B); the gradual red-shift of the thymine band (C) 
can potentially quantify 
13
C content of C. elegans.  
 
Many Raman bands in the spectra of nematodes are visibly red-shifted, but 
the majority of them also overlap with other bands. In this study, only 
phenylalanine and thymine bands (shaded areas in Figure 5.1B) are readily 
usable for quantifying 
13
C content in C. elegans. However, a broad and 
strong band appeared at the same position as phenylalanine. This 
unidentified band could be significantly reduced by photobleaching using 
the Raman probing laser in about 10 s; but a raised baseline with a rounded 
shape is still seen in the shaded area of phenylalanine in Figure 5.1B. This 
interfering band possibly arises from autofluorescence or the fixation 
procedure for nematode samples. In order to correlate the phenylalanine 
band with 
13
C content, the intensity of phenylalanine band must be derived 
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from baseline-corrected Raman spectra. Without a strong indication of the 
nature of the background Raman signal forming the ‘baseline’, baseline 
correction is usually done by so-called ‘rubber band’ baseline subtraction, 
which is arbitrary and introduces unnecessary uncertainties. Furthermore, 
quantifying 
13
C content using the phenylalanine band is based on its band 
intensity, which is usually seen as semi-quantitative in Raman spectroscopy. 
Owing to the difficulties listed above, the correlation between the red-shift 
of the phenylalanine band and 
13
C content is relatively weak (with R
2 
values 
< 0.9 in linear regression) and unreliable because it was calculated from 
heavily processed spectra which still contain the unidentified interfering 
band.  
In contrast, the thymine Raman band, the new quantitative 
13
C spectral 
marker reported in this study, is almost immune to all of the problems 
associated with the phenylalanine band. It peaks at about 747 cm
-1
 in 
12
C-
nematode samples (with 1.1% natural abundance of 
13
C) and was assigned 
to thymine in a number of studies [192-198]. Raman spectra of 
deoxynucleotides (dATP, dTTP, dGTP and dCTP, 100 mM, Sigma-Aldrich, 
UK) also support this band assignment (Figure S5.1). The thymine Raman 
band moved gradually towards lower wavenumber with increasing 
13
C 
content (Figure 5.1C). Therefore, by finding the position of the thymine 
band of a nematode sample, one can determine the extent of 
13
C 
incorporation quantitatively, without using the band intensity. 
If a statistically sound relationship is established between the position  
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(wavenumber) of the thymine band and the 
13
C content, one can use it to 
determine the 
13
C content of a single organism based on the non-destructive 
and easy-to-use technique of Raman spectroscopy. As seen in Figure 5.2, 
linear regression resulted in a good linear relationship between the position 
of the thymine band and the 
13
C content in single C. elegans. In samples 
which underwent 5, 10 and 15 days of incubation, R
2
 values are 0.95 - 0.97. 
Therefore, quantitative detection of 
13
C-incorporation ranging from 1.1 to 
99 % in C. elegans can be achieved at single-organism level. A previous 
showed that the 
13
C content of a biological molecule is a good quantitative 
indicator for the 
13
C content of the whole cell [21]. 
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Figure 5.2 Linear relationship between Raman red-shift and 
13
C content. 
The linear relationship between the position (wavenumber) of the thymine 
Raman bands and the 
13
C content of C. elegans. Error bars show the 
standard error of Raman band positions at each 
13
C level.  
 
It is worth noting that the red-shift of the thymine band has a very different 
‘red-shift mode’ from that of the phenylalanine band as previously 
described [26]. A ‘13C-phenylalanine band’ at about 965 cm-1 appears from 
the 
13C containing cells. The ‘12C-phenylalanine band’ at about 1001 cm-1 
does not disappear or move in the presence of 
13
C; instead, with increasing 
13C content, it loses intensity whilst the ‘13C-phenylalanine band’ gains 
intensity. Therefore, 
13
C content can be correlated to the ratio or difference 
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between these two intensities. In addition, we observed two extra Raman 
bands between the ‘13C-phenylalanine band’ and the ‘12C-phenylalanine 
band’ in E. coli grown in 50% 13C media (Figure 5.3A); in these spectra, all 
four bands have almost identical intensities. A similar four-band feature has 
been observed previously [26]. 
For thymine, however, no new band was observed from 
13
C-labelled 
samples. The thymine band moves gradually with increasing 
13
C content 
(Figure 5.1C and Figure 5.2). In the entire range of 
13
C % used in this study, 
there was always only one thymine band without obvious band splitting.  
This difference in ‘red-shift mode’ may result from different biosynthetic 
pathways of phenylalanine and thymine. There are a large number of 
phenylalanine and thymine molecules in living cells; in any given molecule 
of phenylalanine or thymine, each carbon atom can be 
12
C or 
13
C, resulting 
in different isotopomers. There are 9 and 5 carbon atoms in phenylalanine 
and thymine, respectively. If we allow for the free rotation of the aromatic 
ring about its sigma bond with the ‘alanine’ moiety, there are 320 (2^9-
12*2^4) different isotopomers for phenylalanine. Thymine has 32 (2^5) 
different isotopomers. Phenylalanine and thymine are synthesised by 
particular pathways, therefore the number of permitted isotopomers may be 
smaller than the upper bounds of 320 and 32 for phenylalanine and thymine, 
respectively. Each isotopomer has in principle a different Raman frequency 
(usually reported as a wavenumber). A Raman spectrum of a single 
bacterium or part of a nematode contains the contribution from all of the 
molecules within its focal point; and each detected molecule may be any 
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one of the permitted isotopomers. We can reasonably assume that every 
molecule contributes to the spectrum equally. Therefore, the shape of a 
Raman band encodes the shape of the probability distribution of the 
isotopomers and the observed difference in the ‘red-shift mode’ of 
phenylalanine and thymine indicates that their probability distributions of 
isotopomers may have very different shapes. 
5.3.2 Proposed mechanism for the ‘red-shift mode’ of the phenylalanine 
Raman band 
In order to determine the permitted isotopomers of phenylalanine, we can 
start tracking carbon atoms from glycolysis. The flow of carbon atoms in the 
biosynthesis of phenylalanine is shown in Figure S5.2A [199]. Although 
phenylalanine may be synthesised from other precursors by different 
reactions, as glucose was the sole carbon source and Raman spectra were 
taken shortly after the start of incubation, it is reasonable to assume that the 
biosynthesis of phenylalanine mainly relies on the input of carbon atoms 
from glycolysis. One glucose 6-phosphate (G6P) molecule and two 
phosphoenolpyruvate (PEP 1 and PEP 2) molecules provide carbon atoms to 
the biosynthesis of phenylalanine. Erythrose 4-phosphate (E4P) inherits four 
carbon atoms from G6P. One carbon atom that originates from a PEP 
molecule is removed during the synthesis (‘PEP 1’ in Figure 5.3B and 
Figure S5.2A). Therefore, E4P, PEP 1 and PEP 2 provide four, two and 
three carbon atoms to phenylalanine, respectively. The destination of the 
carbon atoms is shown in Figure 5.3B. As seen in Figure 5.3B, E4P, PEP 1 
and PEP 2 provide three ‘modules’ to form phenylalanine and glucose is the 
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common precursor of all of the three ‘modules’. Since a mixed glucose 
source was given as the sole carbon source, each one of the E4P, PEP 1 and 
PEP 2 molecules is randomly all-
12
C or all-
13
C. E4P, PEP 1 and PEP 2 
should be independent from each other. Therefore, the number of permitted 
isotopomers of phenylalanine is 2
3
 = 8. These isotopomers are shown in 
Figure 5.3B, Figure 5.3C, Figure 5.3D and Figure 5.3E. The aromatic ring 
of phenylalanine, however, has only four isotopic forms. The phenylalanine 
Raman band corresponds to a ring mode of phenylalanine and therefore the 
key atoms that affect its Raman frequency are the aromatic carbon atoms. 
As seen in Figure 5.3, we hypothesise that the eight permitted isotopomers 
can be divided into four groups and assigned to the four observed 
phenylalanine Raman bands: Band 1 corresponds to all-
12
C aromatic rings; 
Band 2 corresponds to 
12
C4
13
C2 aromatic rings; Band 3 corresponds to 
12
C2
13
C4 aromatic rings; Band 4 corresponds to all-
13
C aromatic rings. This 
hypothesis explains the origin of the four different phenylalanine Raman 
bands in isotopically partially labelled E. coli (Figure 5.3A). 
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Figure 5.3 The assignment of the four phenylalanine Raman bands.  
Four phenylalanine Raman bands were observed in E. coli, including the 
full-
12
C band (Band 1) and the full-
13
C band (Band 4) (A); there are eight 
permitted isotopomers of phenylalanine; they are assigned to the four 
Raman bands (B-E); the origin of carbon atoms is shown (B).  
 
In order to test this hypothesis, Raman frequencies of the permitted 
isotopomers of phenylalanine were calculated using a quantum chemical 
procedure based on density functional theory. The geometric structure of an 
isolated phenylalanine molecule (Figure S5.3) was optimised and confirmed 
as a local minimum on the potential energy surface by diagonalisation of the 
Hessian matrix. The vibrational mode of interest is the Raman-active ‘ring-
breathing’ mode (Movie 1 in Appendix). Conformers in which the aromatic 
ring has rotated about the sigma bond connecting it to the remainder of the 
NH2 NH2
O OH O OH
D (Band 3)
NH2NH2
O OH O OH
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molecule have in principle different Raman frequencies (isotopomers 
marked ‘a’ and ‘b’ in Figure S5.4) but the results show that this effect is 
negligible (± 0.2 cm
-1
). Figure S5.4 shows Raman frequencies of the 
permitted isotopomers. The ring-breathing mode appears at 1017 cm
-1
 and 
980 cm
-1
 for all-
12
C and all-
13
C isotopomers, i.e., with a frequency 
overestimation of 1.5 %, which is within the typical uncertainty for this 
level of theory [200] and the simplified model of in vivo phenylalanine as an 
isolated species. The results are clustered in four groups, as isotopic 
substitution in the C3 backbone has negligible effect on the Raman 
frequency of the ring-breathing mode, and this allows unambiguous 
assignment of the four experimental peaks (Figure 5.4). This assignment is 
independent from the precision level of theory: for example, calculations 
with the Hartree-Fock method, which neglects electron correlation, give 
identical trends and peak assignments.  
As described before, ‘red-shift modes’ of phenylalanine and thymine are 
manifestations of their different probability distributions of isotopomers. 
The aromatic ring in phenylalanine has four permitted isotopomers, giving 
the probability distribution a four-peak shape. The Raman frequencies of 
these isotopomers are well separated; therefore this four-peak probability 
distribution manifests itself as a four-peak Raman spectrum. 
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Figure 5.4 Calculated and observed Raman band positions of the four 
phenylalanine Raman bands.  
Error bars show the standard error of the observed wavenumbers. 
 
5.3.3 Proposed mechanism for the ‘red-shift mode’ of the thymine Raman 
band 
The origin of carbon atoms in the biosynthesis of thymine is more complex 
than that of phenylalanine. Here we attempt to demonstrate how increased 
complexity of the thymine biosynthesis ultimately leads to a ‘red-shift mode’ 
differing from that of phenylalanine. De novo synthesis of 
deoxythymidylate (dTMP) with deoxyuridylate (dUMP) as its immediate 
precursor will be used as a typical pathway to demonstrate our hypothesis 
(Figure S5.2B) [199]. Oxaloacetate, carbamoyl phosphate and N
5
, N
10
-
methylenetetrahydrofolate provide three, one and one carbon atom(s), 
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respectively. Carbamoyl phosphate is a one-carbon molecule of bicarbonate 
origin and therefore can randomly contribute a 
12
C or 
13
C to the thymine 
biosynthesis. The carbon atom that N
5
, N
10
-methylenetetrahydrofolate 
contributes could originate from a number of biological molecules; therefore 
we consider it to be random. The remaining three carbon atoms come from 
oxaloacetate, an intermediate in the citric acid cycle. From examination of 
this cycle, we conclude that oxaloacetate also contains random ratios of 
13
C 
and 
12C. In the citric acid cycle, oxaloacetate’s precursors are succinate and 
fumarate. In succinate, the two methylene carbon atoms are not 
distinguishable, neither are the two carboxylic carbon atoms; in fumarate, 
the two alkene carbon atoms are not distinguishable, neither are the two 
carboxylic carbon atoms. 
12
C and 
13
C can randomly enter the cycle in the 
form of acetyl coenzyme A; they can also randomly leave the cycle in the 
form of CO2 owing to the cyclic nature of these reactions and the 
symmetries of succinate and fumarate. As a result, oxaloacetate can leave 
the citric acid cycle and enter the biosynthesis of thymine with any number 
of 
12
C and 
13
C. Therefore, thymine molecules can carry a random number of 
12
C and 
13
C. 
One can divide a phenylalanine molecule into three ‘modules’ and trace 
their origin to glucose, the sole carbon source in growth media (Figure 
5.3B). However, the origin of carbon atoms in thymine is highly diverse and 
‘tracing’ them would be difficult, if not impossible. We hypothesise that, 
owing to complexity in the origin of carbon atoms, all 32 possible 
isotopomers of thymine are permitted.  
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Based on this hypothesis, Raman spectra of thymine can be calculated and 
compared to observation. The structure of the isolated thymine molecule 
(Figure S5.5) was optimised using the same method as for phenylalanine. 
The mode of interest here is the asymmetric ‘ring-breathing’ vibration 
(Movie 2 in Appendix). This mode appears at 737 cm
-1
 for the all-
12
C 
isotopomer, indicating a discrepancy of 1.3 %, which is within the 
uncertainties associated with the level of theory and the simplified model of 
in vivo thymine as an isolated species. The average isotopic shift per 
13
C 
substitution at sites a, b, c, d, e is -4, -1, -3,- 6 and -0.1 cm
-1
, respectively 
(Figure S5.5). The Raman band of thymine can be seen as the superposition 
of the Raman bands of all permitted isotopomers. Each isotopomer has a 
distinct calculated Raman frequency (Figure S5.6) and intensity. In order to 
calculate the thymine Raman band, a probability for each isotopomer is also 
needed. The carbon atom provided by carbamoyl phosphate can seen as 
independent from that provided by N
5
, N
10
-methylenetetrahydrofolate. 
These two carbon atoms can be also seen as independent from oxaloacetate. 
The three carbon atoms of oxaloacetate, as described before, can be seen as 
independent from each other as the result of the citric acid cycle. Therefore, 
the probability of each isotopomer, as a function of 
13
C %, can be calculated 
based on the hypothesis that the isotopic nature of carbon atoms in thymine 
is the result of the combination of five independent statistical events. 
Gaussian and Lorentzian functions were used to calculate Raman bands of 
the 32 isotopomers with four parameters: observed full width at half 
maximum (FWHM), isotopomer probability, calculated Raman frequency 
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and calculated relative intensity. The Raman spectra were simulated by 
adding the 32 Gaussian or Lorentzian functions together (Figure 5.5A and 
Figure 5.5B). Band position (wavenumber) of the calculated thymine 
Raman spectra were compared with observed values (Figure 5.5C). 
Calculated Raman spectra exhibit a linear red-shift with increasing 
13
C 
content, and no obvious band splitting is seen. This simulation matches the 
observed ‘red-shift mode’ of the thymine band. Gaussian and Lorentzian 
functions produced virtually identical results. The simulated Raman red-
shift of thymine band indicates that the hypothesis described before is likely 
to be the underlying mechanism for the observed Raman ‘red-shift mode’ of 
thymine. 
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Figure 5.5 Simulated and observed Raman red-shift of the thymine Raman 
band. 
Simulated thymine Raman spectra using Gaussian and Lorentzian functions 
show similar gradual red-shift with increasing carbon-13 content (A and B); 
a comparison of the Raman red-shift was drawn between the simulated and 
observed spectra with error bars showing the standard error of the observed 
wavenumbers (Day 5-20) (C). 
 
5.4 Discussion 
This study describes a novel Raman spectral marker which enables the 
monitoring of carbon flow from a carbon source, via microorganisms, to 
single predatory nematodes in a non-destructive and quantitative manner. 
This marker is the thymine Raman band, which has a different ‘red-shift 
mode’ from another important Raman spectral marker, the phenylalanine 
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band. Mechanisms accounting for this difference are proposed in this study, 
revealing a dependence of the Raman red-shift on biochemistry. This study 
provides researchers with a new and accurate technique for quantifying 
13
C-
incorporation at single-cell level, which is supported by quantum chemical 
calculation. As discussed in detail above, the red-shift and shapes of Raman 
bands may encode information about biosynthetic pathways. By revealing 
this hidden relationship, this study also proves the concept that Raman 
spectroscopy and the Raman-SIP method can be a simple but powerful 
technique to probe the complex biochemical reaction networks. 
The slope of the linear regression line for observed red-shift shows that a ± 
5.3 % change in 
13
C % will shift the thymine band by ± 1 cm
-1
 (Figure 5.5C). 
Therefore, when the thymine Raman band is used to determine single cells’ 
13
C content, 5.3 % can be seen as the resolution of 
13
C % measurement with 
the present equipment. It could be further improved by using a better 
spectrometer and finer grating. In comparison with other methods which 
measure the isotopic incorporation, such as mass spectrometry, secondary 
ion mass spectrometry and ultracentrifugation, this resolution is competitive. 
Based on the collection of Raman spectra in our laboratory, the thymine 
Raman band is observed in C. elegans, Chinese hamster ovary (CHO) cells, 
human embryonic stem cells, and some protists. It is usually absent from 
bacteria. Interestingly, the thymine band appears in a strain of Pseudomonas 
and this strain is known to have an accumulation of DNA absorbed on its 
surface [80]. The absence of the thymine band from bacteria may be a result 
of their relatively small genomes and consequently smaller number of 
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copies of thymine molecules in each cell. E. coli K-12 has a genome size of 
4.6 M [201]; C. elegans has a genome size of 97 M [202]; sequence data of 
CHO cells and human are on Gb level [203, 204]. In addition, thick 
bacterial cell wall may attenuate both the Raman probing lasers and the 
thymine Raman signal. The almost universally observed phenylalanine 
Raman band will still serve as a quantitative spectral marker for 
13
C content 
at single-cell level but when the thymine band is available, it will be more 
reliable since that Raman wavenumbers are more accurate than Raman band 
intensities. 
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5.5 Supplementary figures 
 
Figure S5.1 Raman spectra of dNTP.  
The Raman band at about 747 cm
-1
, assigned to thymine, was observed only 
in dTTP (100 mM dNTP, Sigma-Aldrich). 
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Figure S5.2 The flow of carbon atoms in the biosynthesis of phenylalanine 
(A) and thymine (B). 
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Figure S5.3 Structure of phenylalanine.  
 
 
Figure S5.4 Calculated isotopic shift of phenylalanine.  
The positions of 
13
C-atoms are labelled by hollow circles. 
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Figure S5.5 Structure of thymine with carbon sites denoted.  
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Figure S5.6 The 32 isotopomers of thymine.  
The positions of 
13
C-atoms are labelled by shaded spheres. 
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Chapter 6: Raman activated cell counting for 
profiling carbon dioxide fixing microorganisms 
 
6.1 Introduction 
Photosynthetic microorganisms are one of the major sinks of atmospheric 
CO2 and the main primary producers in marine ecosystems. Photosynthetic 
microorganisms may also harbour many previously unknown genes 
encoding enzymes and other biological products with high values in 
biotechnology industry and renewable energy research. They are a vastly 
diverse group of microorganisms that consists of prokaryotic and eukaryotic 
species. Like other environmental microorganisms, most of them do not 
grow in laboratories. Therefore, researchers have to study individual cells in 
order to gain an unbiased view of photosynthetic microbial communities.  
The technological advances in Raman spectroscopy and microfluidic device 
are of particular interest for the increasingly important single-cell research 
[85, 205, 206]. The characterisation of individual microorganisms is being 
used by more researchers in order to study unculturable microorganisms and 
phenotypic variation within isogenic populations [21, 57, 94, 207, 208]. 
However, owing to the small size and heterogeneity of many naturally 
occurring cells, developing high-throughput single-cell techniques remains a 
challenge. Raman spectroscopy offers a unique opportunity for single-cell 
analysis because it provides an intrinsic and label-free chemical profile of a 
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single cell with sub-micrometre spatial resolution. When combined with a 
microfluidic device system, Raman spectroscopy may be used to build a 
high-throughput Raman activated cell sorting (RACS) system to survey 
natural microbial communities without artificial interference such as 
fluorescent labelling or the insertion of reporting genes.  
Raman spectra are generated by detecting inelastically scattered light from a 
sample. Analogous to infrared spectra, the bands in Raman spectra match 
the vibrational frequencies of the chemical bonds present in the sample. A 
Raman spectrum of a single microorganism contains a large number of 
bands due to the complex chemical composition of a cell; therefore, it can 
serve as the chemical fingerprint of a cell, which differs depending on the 
species and physiological states of cells [44, 82]. Visible and near-infrared 
lasers are usually used in Raman spectroscopy for biological samples. They 
do not cause any significant chemical or biological change in interrogated 
cells, which can be recovered for cultivation or DNA analysis [27, 85].  
However, Raman scattering is a relatively weak process that occurs once in 
every 10
6
 - 10
8
 incident photons [20]. In order to acquire a Raman spectrum 
that has a reasonably high signal-to-noise ratio from a single microbial cell, 
a spontaneous Raman spectrum usually requires at least 4 to 5 s with a well 
optimised confocal Raman microscope [22]. An acquisition time of a few 
seconds is difficult to achieve in a microfluidic device because it is difficult 
to stabilise a slow flow rate that maintains a cell within the Raman detection 
region for such a long time. Even if it is technically possible, the throughput 
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of the resultant RACS system would be very low, precluding it from useful 
applications.  
Reducing the Raman spectrum acquisition time is thus vital to achieve high-
throughput RACS systems. Surface-enhanced Raman scattering (SERS) and 
resonance Raman (RR) spectroscopy are widely used to enhance the Raman 
signal and reduce the Raman spectrum acquisition time. SERS is mainly an 
electromagnetic enhancement that occurs in the vicinity (about < 10 nm) of 
gold/silver nanoparticles or patterned surfaces [37, 38, 137]. SERS has been 
proven to enhance the Raman signal by up to a factor of 10
14
 and is able to 
detect single molecules [209]. SERS has been combined with microfluidic 
devices for several applications [210-213]. The RR effect can enhance the 
Raman signal from RR-active molecules by up to six orders of magnitude 
[31]. RR spectroscopy has shown great potential as a rapid label-free 
imaging technique for photosynthetic microorganisms [21]. The RR 
enhancement requires no special treatment of the sample, while SERS 
experiments usually involve treating microorganisms with gold or silver 
nanoparticles.  
Carotenoids are highly diverse (over 600 types in carotenoid groups) and 
RR-active molecules. Nearly all photosynthetic microorganisms contain 
carotenoids that are essential for light harvesting, singlet oxygen quenching, 
and the structure of a photosynthetic pigment-protein complex [21]. Due to 
the greatly enhanced Raman signature of carotenoids in photosynthetic 
cells, a Raman spectrum of a single cell, recorded with a 1 ms acquisition 
time, may be used to quantify CO2 fixation of the cell [21]. 
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In this study, a combination of RR spectroscopy and microfluidic device is 
reported to perform Raman activated cell counting. Figure 6.1 shows the 
schematic illustration of the platform. We profiled an artificially mixed 
microbial community to quantify the ratio of 
12
C- and 
13
C-containing cells. 
This study paves the way toward the development of a high-throughput 
RACS system that can characterise photosynthetic microbial communities 
and isolate photosynthetic cells of interest [22].  
 
Figure 6.1 Schematic representation of the RR-microfluidic cell counting 
system. 
 
6.2 Experimental Methods 
6.2.1 Chemicals, microbial strain, and growth conditions 
All chemicals and growth media used in this study were purchased from 
Sigma-Aldrich UK unless otherwise stated. Synechocystis sp. PCC 6803 
was used as the model strain in this study. Synechocystis sp. PCC 6803 was 
grown in BG-11 media supplemented with 5 mM 
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C-sodium 
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13
C-cells were counted by fluorescence microscopy before mixing them for 
Raman measurement. Naturally dissolved CO2 in BG-11 media was 
removed by a degasification step prior to the incubation of the PCC 6803 
strain, as previously described [21]. The Synechocystis sp. PCC 6803 strain 
was grown at 30 °C and 50 μmol photons m-2s-1 on an orbital shaker (150 
RPM) for 4 days (Innova 44 illuminated rotary incubator, New Brunswick 
Scientific, Cambridge, UK). 
6.2.2 Fabrication and operation of the microfluidic devices 
The microfluidic chip was fabricated using a conventional soft-lithographic 
technique [214]. The chip was fabricated in polydimethylsiloxane (PDMS), 
where two-dimensional hydrodynamic focusing was implemented, whose 
design is shown in Figure 6.2. Laminar microfluidic flow was achieved by 
pressure-driven flow using syringe pumps (Pico Plus, Harvard Apparatus). 
The microfluidic channel had a height of 50 μm and a width of 100 μm 
(Figure 6.2). Cells were injected into the chip through the sample inlet, and 
the buffer solution (water) was injected into the chip through the buffer 
inlet. The ratio of the flow rate of the sample stream to that of the buffer 
stream was fixed at 1:4. The total flow rate at the Raman detection region 
was 17.7 nL / min. At the flow-focusing region, which is designed as a cross 
junction, the sample stream was hydrodynamically focused to the centre of 
the main channel by the higher flow rate of the buffer stream. 
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Figure 6.2 Schematic representation of the microfluidic chip used in this 
study.  
Channels are shown in white. The buffer streams focused the sample stream 
into a nearly single-cell flow. Inset: hydrodynamic focusing and Raman 
detection region (cell shown in the figure are not to scale). Cells were 
injected into the microfluidic chip through the sample inlet, and buffer 
solution (water) was injected through the buffer inlet to achieve two-
dimensional hydrodynamic focusing before the Raman detection region. At 
the Raman detection region, the channel had a width of 100 μm and height 
of 50 μm. The total flow rate at the Raman detection region was 17.7 
nL/min, and the ratio of the flow rate of the sample stream to that of the 
buffer stream was 1:4. 
 
6.2.3 Total cell counting of the 
12
C- and 
13
C-cells 
In order to determine the ratio of the numbers of the 
12
C- and 
13
C-cells in the 
mixed sample, the number of cells in both samples was determined before 
being mixed for the RR-microfluidic device experiment. Twenty microlitre 
of 
12
C- and 
13
C-cell suspension was dried separately onto two 0.2 μm 
membrane filters (Millipore, U.S.A.) by a vacuum filtration device. The 
images of the cells on the membrane filters were recorded by a fluorescence 
microscope (Carl Zeiss, UK) with Cy5 fluorescence filter and a 40× dry 
objective (NA = 0.60, Carl Zeiss, UK). Twenty images of non-overlapping 
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views were recorded for each sample. The number of cells in each image 
was manually counted in ImageJ software (http://rsb.info.nih.gov/ij/). 
6.2.4 Raman activated cell counting of the 
12
C- and 
13
C-cells 
The mixture of the 
12
C- and 
13
C-cells (the mixing ratio was 1:1 by volume) 
was washed with phosphate buffered saline three times before loading into 
the microfluidic device. RR spectra were acquired consecutively when the 
cells were flowing through the Raman detection region of the microfluidic 
channel. RR spectra were acquired using a confocal Raman microscope 
(LabRAM HR, HORIBA Scientific, UK) equipped with a 532 nm Nd:YAG 
laser (Torus Laser, Laser Quantum, UK) and a 50× air-dry objective (NA = 
0.55, Leica Microsystems, UK). The laser beam was targeted to the centre 
of the microfluidic channel. The laser power on a single cell was about 18 
mW. The detector was a CCD detector kept at -70 °C (Andor Technology, 
UK). The confocal pinhole was 100 μm. Each Raman spectrum was 
acquired between 2172 and 557 cm
-1
, with a spectral resolution of about 1.5 
cm
-1
. LabSpec software (HORIBA Scientific, U.K.) was used to control the 
Raman system and acquire Raman spectra. Raman spectra were acquired 
and recorded every 36.6 ms, including the acquisition time of 10 ms. There 
was about 26.6 ms in every Raman signal recording cycle for the system to 
process and save data. Detected cells were differentiated based on the 
position of the ν1 RR band of carotenoids (Figure 6.3). Cells containing 13C 
had distinctively red-shifted RR bands. 
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6.3 Results and Discussion 
The photosynthetic cells of Synechocystis sp. PCC 6803 were driven by the 
syringe pump to flow through the Raman detection area of the microfluidic 
channel, while the confocal Raman microscope acquired Raman spectra 
consecutively about 27 times per second. Synechocystis sp. PCC 6803 cells 
were 1 - 2 μm spherical cells and were hydrodynamically converged to the 
middle of the microfluidic channel. Discrimination of 
12
C- or 
13
C-cells was 
done by determining the position of the ν1 RR band (Figure 6.3). The ν1 RR 
bands of 
13
C-cells shifted distinctively to lower wavenumbers, which can 
serve as a quantitative marker of single cells’ 13C content [21].  
 
145 
 
 
Figure 6.3 An example of the RR-microfluidic counting of photosynthetic 
microorganisms.  
As the cells of the model strain Synechocystis sp. PCC 6803 flow through 
the Raman detection area of the microfluidic device, RR spectra were 
acquired consecutively about 27 times per second. The ν1 RR band was 
used to differentiate 
12
C- and 
13
C-cells. The intensity of this band was 
plotted against the time axis and displayed in green and red for 
12
C- and 
13
C-
cells, respectively. A part of the figure near 23.3 s was enlarged to show a 
13
C-cell and 
12
C-cell passed through the Raman detection area sequentially 
only about 0.1 s apart from each other; the untreated RR spectra of the two 
cells show a distinctive red-shift of all of the carotenoids RR bands. 
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1.56 (316 
12
C-cells and 203 
13
C-cells) in the RR-microfluidic device 
counting. The counting result of the RR-microfluidic device is therefore 95 
% accurate in this instance compared to fluorescence microscopic counting, 
which is an accurate reference method. The good agreement proves the 
concept that the combination of RR spectroscopy and microfluidic device 
can be a novel method to rapidly profile the 
13
C distribution in 
photosynthetic microbial communities in a non-destructive manner. 
If a photosynthetic microbial community is given 
13
CO2 as the sole carbon 
source, this method will be able to rapidly monitor the uptake of 
13
CO2 and 
the kinetics of CO2 fixation. Because of the non-destructive nature of this 
method, measured cells can be further used in nucleic acid amplification or 
cultivation. The CO2 fixation data provided by this method will be easily 
comparable among different photosynthetic microbial communities to 
investigate the effects of environmental factors on the CO2 fixation such as 
temperature, lighting condition, water salinity, depth of water, etc. RR 
spectroscopy is very sensitive to stable isotope labelling; therefore, a small 
amount of sample (e.g., 50 μL of seawater) is needed to achieve the kinetic 
monitoring of photosynthetic microbial communities. In contrast to other 
methods that are also sensitive enough to detect 
13
C-incorporation at single-
cell level, for example, nanometre scale secondary ion mass spectrometry 
(NanoSIMS), RR spectroscopy does not require any special sample 
preparation; it is also non-destructive, easier to operate, and inexpensive. 
The method reported in this study is intended to serve as a proof of concept 
and a stepping stone toward the proposed high-throughput RACS system 
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[22]. The flow velocity inside the microfluidic chip in the RACS should be 
ideally adjusted to equal the quotient of the diameter of the confocal Raman 
sampling volume divided by the Raman spectrum acquisition time. One 
millisecond has been proven to be enough to record Raman spectra that 
differentiate 
13
C-single cells from 
12
C-single cells [21]. Considering the time 
needed for recording data, communication between different parts of the 
instrument etc., measuring and sorting two cells per second is a conservative 
estimation of the throughput of the proposed RACS system. We can then 
potentially measure and sort up to 14,400 single cells in 2 h, which are 
sufficient to characterise a photosynthetic microbial community and enough 
replicates of different species can be collected from them. The main 
technical difficulty in developing such RACS systems is the reliable 
synchronisation of the Raman spectrometer, the controlling computer, and 
the sorting mechanism (e.g. optical force sorting, pressure-driven closure of 
the microfluidic channel). There is scope for improving the efficiency of the 
hydrodynamic focusing in the microfluidic chip. As described above, the 
ratio of the flow rate of the buffer channel (water) to that of the sample 
channel (cell suspension) was set to 4:1. This was done to balance between 
the efficiency of data recovery (detecting a large number of cells) and the 
data quality (good signal-to-noise ratio). A higher ratio of flow rates will 
focus cells more tightly to the centre of the channel; therefore, more cells 
will flow through the focal area of the laser, and more cells will be recorded. 
One can usually achieve a higher ratio of flow rates by increasing the flow 
rate of the buffer channel because the flow rate of the sample channel is 
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usually already very low, and reducing it caused unstable flow with the 
experimental devices used in this study. However, increasing the buffer 
flow will decrease the time during which a cell remains within the focal area 
of the laser and therefore reduce the quality of the resulting spectrum. One 
can reduce the spectrum acquisition time to match this shortened time, but it 
is unlikely that the signal-to-noise ratio will improve without upgrading the 
optical part of the system. With advancement in microfluidic technology, it 
will be possible to use more sophisticated microfluidic devices to achieve a 
more stable flow at a slower flow rate. 
In summary, this study reports a novel method that combines RR 
spectroscopy and microfluidic devices in order to rapidly profile the 
13
C 
content in photosynthetic microbial communities. This provides the 
foundation for developing a high-throughput RACS system to monitor and 
sort single cells of natural photosynthetic microbial communities without 
cultivation bias.  
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Chapter 7: Quantitative measurement of nitrogen-15 
uptake in Ruegeria pomeroyi DSS-3 single cells by 
Raman spectroscopy 
 
7.1 Introduction 
Nitrogen cycling by microorganisms plays an important role in the global 
nitrogen cycle and agricultural production, for example, symbiotic rhizobia 
provide plant growth a vital nitrogen source, cyanobacteria are believed to 
be the major nitrogen fixing microorganisms in marine environments [215]. 
There is a large diversity in bacteria and archaea that make significant 
contributions to the transformation of nitrogen compounds, e.g. fixation, 
ammonium oxidation and denitrification [216]. Microorganisms also utilise 
organic nitrogen compounds as their nitrogen and carbon sources [217]. 
However, as majority of microorganisms in natural environments are 
unculturable, it is necessary to employ culture-independent methods to 
study microorganisms that are involved in nitrogen transformation.  
Metagenomics methods are widely used in environmental microbiology 
because it circumvents the growth of microorganisms by directly analysing 
the combined genome sequences of the microbial communities [13, 18]. A 
recent study concluded that bacterial flavin-containing monooxygenase can 
function as trimethylamine monooxygenase (TMM) in marine 
microorganisms [218]. TMM genes were found to be widely distributed in a 
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major group of marine microorganisms, the Roseobacter clade bacteria, 
which indicates that methylated amines (MAs) may be important nitrogen, 
carbon and energy sources for marine microbial ecosystems [218]. 
However, there is still a lack of easily accessed direct evidence to evaluate 
the significance of MAs for marine microbial communities.  
Stable isotope probing (SIP) is widely used to label environmental 
microorganisms that incorporate certain compounds of interest [129]. Stable 
isotope-labelled compounds are chemically similar to their naturally 
occurring counterparts, therefore are used in the incubation of 
environmental samples under nearly natural conditions. The separation and 
identification of stable isotope-labelled microorganisms are usually done by 
one or more of the following methods: separation and sequencing of 
community nucleic acids that contain stable isotopes, mass spectrometry 
based methods such as nanometre scale secondary ion mass spectrometry 
(NanoSIMS), Raman spectroscopy [58, 129, 219, 220]. Nucleic acids based 
methods mix the genetic materials from the microbial community and 
usually cannot differentiate microorganisms with difference levels of stable 
isotope labelling (for example, the separation of microorganisms containing 
30 % stable isotopes from ones that contain 60 %). NanoSIMS and Raman 
spectroscopy can quantify the content of stable isotopes in single 
microorganisms, making them ideal for researchers to study the nitrogen 
flow in microbial communities. NanoSIMS has higher sensitivity and spatial 
resolution at nanometre level, but Raman spectroscopy requires much 
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simpler experimental procedures and is suitable for measuring large number 
of single cells in environmental samples [21].  
The combination of 
13
C-SIP with Raman spectroscopy has been used in a 
number of studies [21, 26, 81, 221]. Distinctive isotopic shifts in vibrational 
frequencies caused by heavier 
13
C-atoms can be used as the marker for the 
incorporation of 
13
C-labelled substance. Some Raman bands, such as the 
phenylalanine band, can be used to quantify the percentage of 
13
C in the 
sample [26]. However, the application of 
15
N-Raman-SIP spectroscopy in 
environmental microbiology is limited as a suitable band has not been found 
to serve as the quantitative spectral marker for 
15
N-incorporation. Using a 
strain in marine Roseobacter clade, this study demonstrates that by using 
multivariate analysis, whole Raman spectra may be used to quantify single 
microbial cells’ 15N content. 
 
7.2 Materials and Methods 
7.2.1 Bacterial strain and growth conditions 
Ruegeria pomeroyi DSS-3 (ATCC number: 700808) is a marine 
Roseobacter model strain. It was grown as previously described [218]. The 
sole nitrogen source in the media was monomethylamine (MMA). Different 
15
N levels were achieved by adding 
14
N-MMA and 
15
N-MMA to the media 
to a total concentration of 2 mM. Taking into account the natural abundance 
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of 
15
N, the 6 different percentages of 
15
N used in this study were 0.37, 10, 
20, 49, 74 and 98 %.  
7.2.2 Raman micro-spectroscopy 
Samples were collected from culture media by centrifugation (3000 RCF, 5 
min). Pelleted cells were then washed three times by water and air-dried on 
calcium fluoride slides. Single-cell Raman spectra were acquired by a 
confocal Raman microscope (LabRAM HR, HORIBA Scientific, UK). A 
100 × dry objective (NA = 0.90, Olympus, UK) was used to focus probing 
laser on single cells and collect Raman signal. The confocal Raman 
microscope was equipped with a motorised XYZ stage (0.1 µm step size). 
Raman spectra were taken with a 532 nm Nd:YAG laser (Torus Laser, Laser 
Quantum, UK). The laser power was about 35 mW on a single cell. The 
diameter of the confocal pinhole was set to 50 µm. Each Raman spectrum 
was acquired between 558 cm
-1 
and 2173 cm
-1
, with 1021 data points and a 
spectral resolution of 1.5 cm
-1
. Acquisition time was 30 s. LabSpec software 
(HORIBA Scientific, UK) was used for controlling the Raman microscope 
and spectral data pre-treatment. At least twelve randomly chosen single cells 
were measured on each 
15
N level. 
7.2.3 Raman spectra analysis 
All Raman spectra were smoothed and normalised in LabSpec software 
before statistical analysis. Spectra were smoothed by Savitsky-Golay 
smoothing method; smoothing parameters were: degree 2 and size 7. 
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Whole-spectrum normalisation was performed to normalise the total integral 
peak area of each spectrum to a fixed value.  
The pre-treated spectral data were imported to MATLAB (version 
R200011A, MathWorks, MA, USA) for multivariate analysis. Principle 
component (PCA) was employed to reduce the dimensionality of the 
multivariate data, whilst retaining the variance and was performed prior to 
canonical variate analysis (PC-CVA) [222]. In this study, PC-CVA models 
were built with a priori knowledge of the 
15
N content in the biological 
replicates. Cross-validation was performed in order to ensure these models 
were not over- or under-trained. Nine of the biological replicates were 
employed for model training with the remaining three replicates projected 
into the model for cluster validation purposes, as previously reported [40]. 
Circles in the PC-CVA score plots represent the 95 % χ2 confidence region 
constructed around each group mean based upon the χ2 distribution with two 
degrees of freedom [223].  
Partial least square regression (PLSR) [224] is a multivariate linear 
regression method and was performed to predict 
15
N content of single 
bacterium based on Raman spectra. As for PC-CVA, the PLSR models were 
calibrated with nine of the twelve biological replicates and the remaining 
replicates were used as an independent test set to validate the model and 
establish whether the models could generalise.  
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7.3 Results and Discussion 
Principle component analysis (PCA) was employed to reduce the 
dimensionality of Raman spectral data whilst retaining the majority of 
variance in the data set. Based on the results of the unsupervised PCA, a 
supervised method, canonical variate analysis (CVA) was used to study the 
clustering of data. CVA minimises the variance within groups (same 
15
N %) 
whilst maximises variance between groups (different 
15
N %). A calibration 
line between Raman spectra and 
15
N % was found by partial least square 
regression (PLSR). PLSR is a multivariate regression method that is suitable 
to treat data with large variance which is irrelevant to the calibration line 
[225]. Raman spectra have relatively large spectrum-to-spectrum and 
replicate-to-replicate variance which can be caused by irrelevant factors 
such as bacteria cell size, the position of laser focal point or penetration 
depth. These factors are irrelevant to 
15
N % but can cause significant 
difference in the intensity of Raman bands.  
Averaged Raman spectra of Ruegeria pomeroyi DSS-3 grown in media with 
different 
15
N % are shown in Figure 7.1. Raman red-shift cased by the 
incorporation of 
15
N can be seen in some part of the spectra but was less 
obvious than the typical red-shift of 
13
C [20]. Most of the 
15
N-red-shift also 
overlaps with other Raman bands and it was difficult to use a single Raman 
band to mark the isotope uptake.  
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Figure 7.1 Raman spectra of Ruegeria pomeroyi DSS-3 grown in media 
with different 
15
N content.  
 
As seen in Figure 7.2, the first axis in PC-CVA (PC-CV 1) accounts for the 
greatest variance in the spectral data. The scores in PC-CV 1 also show a 
trend that it is correlated with 
15
N %. Large differences in 
15
N content, e.g. 
0.37 % and 49 % (denoted as 00 and 50 in Figure 7.2), were well separated 
by PC-CV 1 in Figure 7.2. However, the PC-CVA model was not able to 
differentiate smaller differences in 
15
N content, especially between the ones 
below 20%. Raman bands with significant contribution (outside of the circle 
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in Figure 7.3) to the PC-CVA model can be seen in Figure 7.3. The most of 
the listed wavenumbers can be assigned to the following groups of 
biological molecules: bases in nucleotides, amide, nucleic acids and amino 
acids (e.g. tyrosine) [20]. They are all abundant nitrogen-containing 
molecules in living cells, indicating that the variance in PC-CV 1 and PC-
CV 2 is caused by different 
15
N content and the PC-CVA did not amplify 
irrelevant variance between different groups.  
 
Figure 7.2 PC-CVA result of single-cell Raman spectra. 
PC-CVA scores plot for Raman spectra of Ruegeria pomeroyi DSS-3 grown 
in media with different 
15
N content. PCs 1 - 5 were used by the algorithm 
with the a priori knowledge of the biological replicates. The points shown 
in black represent the 9 biological replicates used to train the PC-CVA 
models. Points shown in grey represent the three biological replicates used 
to validate the PC-CVA model. Black circles represent the 95% confidence 
interval about the group centroid, and grey circles the 95% confidence 
region about the group sample population.  
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Figure 7.3 PC-CVA loading plots of PC-CVA axis 1 and 2.  
Contiguous spectral regions falling beyond 2 standard deviations from the 
mean are encoded by symbols detailed in the figure legend.  
 
The PC-CVA is a clustering method. The linear relationship between the 
15
N % and Raman spectra was explored through the use of PLSR (Figure 
7.4). Figure 7.4 shows that a good linear relationship was found and cross 
validation points fall close to this calibration line. For the Roseobacter strain 
used in this study, 
15
N % of single bacteria cells can be measured by Raman 
spectroscopy with an accuracy of 94.34 %. Raman bands that have 
significant contribution (outside of the circle in Figure 7.5) the PLSR model 
were listed in Figure 7.5, the assignment of which is similar to that 
described before in PC-CVA. 
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Figure 7.4 PLSR model for single-cell Raman spectra. 
RLSR model for single-cell Raman spectra of Ruegeria pomeroyi DSS-3 
grown in media with different 
15
N content. The model was trained with 
Raman spectral data using nine of the biological replicates and validated 
using the three remaining biological replicates. The PLSR model was built 
using 3 factors. 
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Figure 7.5 PLSR loadings plot of the first two latent variables. 
Circle represents the boundary of 2 standard deviations. Wavenumbers of 
Raman bands that have significant contribution were listed in the figure 
legend.  
  
The results of PC-CVA and PLSR show that Raman red-shift caused by 
15
N-incorportation in single bacterium, although not visibly apparent, can be 
extracted by multivariate analysis. One can use PLSR to construct a linear 
model to calculate 
15
N % in single bacteria cells with high accuracy. These 
results were derived from a strain in the naturally abundant marine 
Roseobacter clade which may input a significant amount of nitrogen into 
marine ecosystem through the consumption of methylated amines. 
Therefore, Raman spectroscopy may be a suitable method to rapidly map 
nitrogen uptake in microbial communities in a quantitative and non-
destructive manner and with single-cell precision. The main challenge in 
achieving such goal is the generalisation of the linear model in PLSR or 
similar multivariate analysis. Raman red-shift caused by 
15
N may not 
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happen at the same wavenumber or to the same extent in different species 
because of their different biochemical pathways to convert nitrogen 
compounds. A future study encompassing a relatively large number of 
representative species is needed to establish a more general linear model to 
measure nitrogen incorporation in single cells. 
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Chapter 8: Summary and suggestion for future 
research 
 
This Ph.D. thesis focuses on the development of novel techniques based on 
Raman spectroscopy for the application in environmental microbiology. 
Raman spectroscopy offers a unique opportunity for researchers to look into 
the microbial world in a non-destructive and quantitative manner, avoiding 
the problem of unculturable microorganisms. When combined with stable 
isotope probing (SIP), Raman spectroscopy is a very powerful research tool 
in this field. However, naturally weak Raman signal and difficulties in 
interpreting complex Raman spectra hinder it from being employed widely 
in biological research, because most biological molecules exist in small 
quantities and the a priori knowledge of biological samples may be 
unavailable. This thesis aims to resolve these problems by enhancing Raman 
signal and simplifying data interpretation. 
Two Raman signal enhancement methods, resonance Raman (RR) 
spectroscopy and surface enhanced Raman scattering (SERS), were 
investigated in this thesis for possible applications in environmental 
microbiology. SIP and the resultant Raman red-shift can be used to identify 
individual cells that can incorporate any compounds of choice. It also 
greatly simplifies the Raman data analysis because Raman red-shift 
unambiguously signifies the uptake of 
13
C-labelled compounds. Another 
strategy to analysis Raman spectra, multivariate analysis, was also used in 
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this thesis to treat spectra with less obvious red-shift caused by 
15
N 
incorporation. 
The study on SIP-RR spectroscopy found that RR spectroscopy can be used 
to measure CO2 fixation activities in single photosynthetic microorganisms. 
It also demonstrated the potential of the functional imaging technique based 
on RR spectra. The most significant discovery made in this study was that 
one can very rapidly and non-destructively measure photosynthetic single 
cells’ 13C content. To the best of my knowledge, the alternative methods to 
achieve similar results are all based on mass spectrometry, and are usually 
much more complicated techniques. As discussed in this thesis, mass 
spectrometry is not preferable for screening large number of environmental 
microorganisms because it is destructive, time-consuming and expensive. 
With this method, one can image photosynthetic communities and identify 
CO2 fixers automatically, therefore such technique can be used in 
combination with a laser microdissection system to separate cells of interest 
and perform many further experiments, e.g. DNA sequencing. This thesis 
also demonstrated the combination of RR and microfluidic device, which 
provided a working solution for researchers to easily measure the CO2 
uptake in photosynthetic microbial communities. However, the microfluidic 
device has not yet included a sorting mechanism to separate cells of interest 
from other organisms. Researchers can detect and profile the dynamics of 
CO2 uptake, but the results can only describe the whole community because 
of the lack of sorting mechanism. Prototype sorting chips were tested in the 
laboratory with unsatisfactory results. The main challenge encountered was 
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the accurate control (starting, stopping and diverging) of cells in a 
micrometer sized flow. It is foreseeable that such a lab-on-a-chip 
microfluidic device can be made because accurate cell sorting has been 
achieved in many other instruments, e.g. flow cytometry, optical tweezers, 
etc. Environmental microbiologists can use such device to sort sample taken 
from different locations at different time and correlate the uptake of carbon 
source, CO2 or other 
13
C labelled compounds, to individual species with 
quantitative results (uptake speed or rate). Metagenomics methods cannot 
provide such information and mass spectrometry methods would destroy 
cells whose genetic materials could be sequenced. Therefore, Raman sorting 
can provide a better understanding of microbial ecology in photosynthetic 
microbial communities. 
However, questions about the non-photosynthetic microorganisms cannot be 
addressed by SIP-RR Raman sorting technique because there is no strong 
RR enhancement to exploit and the rich information contained in Raman 
spectra simply takes too long to obtain. As an example, engineers often seek 
the contributing species in a bio-reactor or wastewater treatment plant. In 
principle, using optical tweezers, one can take a Raman spectrum from each 
single cell and manually ‘pick out’ single cells that incorporate 13C labelled 
compounds, e.g. a water pollutants analogue, then culture or sequence those 
single cells. However, usually only a small fraction of the total community 
is of research interest, it is nearly impossible to accumulate enough cells and 
draw convincing conclusions by blind searching and manual handling single 
cells from a large number of environmental microorganisms and particulate 
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materials. Therefore, a study attempted to synthesise SERS-active 
nanoparticles that can universally label microorganism was reported in this 
thesis. SERS enhancement can be combined with SIP and expand the 
application of the microfluidic device mentioned above to any 
microorganisms. SERS is the strongest known Raman signal enhancement 
mechanism. This thesis proved that one can label the surface of the tested 
microorganisms with silver nanoparticles by two different methods. 
However, the resulting SERS spectra could not be used as the sorting 
criteria in a microfluidic device. The difficulty lies in the lack of 
understanding of the interaction between nanoparticles and the surface 
molecules of microorganisms, and the SERS effect itself. The SERS spectra 
reported in this thesis were difficult to explain because of these reasons. 
Further investigation should focus on finding a highly specific interaction 
between nanoparticles and certain universally present molecules on the 
surface of microorganisms. Because microorganisms’ surface contains 
many different molecules, any non-specific labelling by SERS-active 
nanoparticles is likely to result in unpredictable spectra, or featureless 
spectra, like the ones observed in this thesis, due to the fact that the signal 
from too many different molecules is enhanced and superimposed. 
Researchers need to know what SERS spectra to expect to be able to 
programme a computer to identify Raman red-shift automatically, and a 
specific labelling of one type of surface molecules would serve such 
purpose. Furthermore, if such labelling is possible, one can multi-label cells 
with different nanoparticles, similar to cells stained by multiple fluorescent 
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dyes, making SERS Raman sorting method a more powerful multiplex 
assay. Self-evidently, it requires a multidisciplinary team with knowledge in 
the physics of SERS effect, the synthesis and functionalisation of 
nanoparticles, biochemistry and microfluidics to build a SERS microfluidic 
cell sorting device.  
SIP has been a pillar of new techniques developed in this thesis. It connects 
single cells to the chemical compounds they consume and simplifies Raman 
data analysis because of the distinct Raman red-shift. However, such 
seemingly simple phenomenon had its unexplored aspects. Firstly, a new 
quantitative Raman spectral marker for 
13
C incorporation, thymine Raman 
band, was found which may greatly extend the application of Raman-SIP 
method. Quantitative monitoring of carbon flow in a model food chain was 
made possible thanks to the new spectral marker. Secondly and probably 
more importantly, the intriguing difference in the Raman red-shift between 
thymine and phenylalanine reveals that the pattern of Raman red-shift is 
directly affected by the biosynthetic pathways of these two molecules. 
These findings resolve the mystery of the previously unexplained ‘four 
bands’ feature observed in phenylalanine’s Raman red-shift; they also show 
that Raman-SIP method may reveal information about organisms’ 
biochemical pathways. It is a standard practice in organic chemistry to start 
a synthesis with isotope labelled compounds and observe the fate of the 
isotopic atoms by NMR or Raman spectroscopy to study the reaction 
mechanism. The author would like to point out that the same principle 
applies to biological systems as well as proven by this thesis. This study 
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may stimulate the development of a new class of methods to study the 
biochemical pathways and reaction mechanisms of biological systems by 
non-destructive and simple Raman spectroscopy. 
Nitrogen is another crucial element of biological significance. A study in 
this thesis explored the possibility of using Raman-SIP method and 
multivariate analysis to quantify single cells’ 15N content. With the initial 
success with a representative species, this study may be a start point to 
establish a general method to study nitrogen cycle with Raman 
spectroscopy. 
For any newly developed technique, the reproducibility of measurement is 
of key importance. The reproducibility of Raman data acquisition cannot be 
described by a single diagram because Raman spectra are multidimensional 
data. However, the reproducibility of Raman data for each specific purpose 
in different studies in this thesis is represented by error bars in all the figures 
where applicable. They are all excellent or at least acceptable, for example, 
error bars are almost invisible in Figure 3.3 because of its high 
reproducibility. 
In summary, this thesis contributed new knowledge and technical 
advancement to environmental microbiology and Raman spectroscopy. 
Some findings, for example, in RR spectroscopy and Raman-biochemical 
pathways, may find immediate applications in biological research. Other 
results, for example, in SERS, RACS and 
15
N-Raman-SIP, may need more 
extensive further investigation to materialise the intended techniques. 
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